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I, Keld Kaltoft, hereby declare: 

1 . I am the first-named inventor of the above-identified application, and I am 

knowledgeable in the fields of cell biology and immunlogy. My curriculum vitae is 



2. I have reviewed the office action mailed March 4, 2005, and the prior art cited against 
the application. 

3. All three of the prior art references (Flyer, Riddel, Habermann) teach the use of 
peripheral blood mononuclear cells (PBMC) as feeder cells in cultivating T-cells. 
There are always natural killer cells in PBMC preparations; these are about 5-15 % of 
the PBMC cells (Mandler RN et aL: Beta-endomorphin augments the cytolytic activity 
and interferon production of natural killer cells, J.Immunol (1986) 136; 934-39). 

4. Natural killer cells would be expected to eliminate co-cultivated disease associated 
antigen-activated continuous cytotoxic T cell lines, and hence it would not be 
expected that the latter cells, even if stimulated by cytokines such as EL-2 and IL-4, 
would exceed the Hayflick limit of about 23 +/-7 PD (population doublings). In 
particular, they would not be expected to reach the presently claimed levels of at least 
40, 50, 60, 100, 150 or 200 PD. 
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Ectopic Human Telomerase Catalytic Subunit Expression 
Maintains Telomere Length But Is Not Sufficient for CD8 + T 
Lymphocyte Immortalization 1 

Marco Migliaccio,*® Mario Amacker, r Tom Just,* Patrick Reichenbach, t Danila Valmori,* 
Jean-Charles Cerottini,* Pedro Romero,* and Markus Nabholz 21 * 

Like most somatic human cells, T lymphocytes have a limited replicatlve life span. This phenomenon, called senescence, presents 
a serious barrier to clinical applications that require large numbers of Ag-specific T cells such as adoptive transfer therapy. 
Ectopic expression of hTERT, the human catalytic subunit of the enzyme telomerase; permits fibroblasts and endothelial cells to 
avoid senescence and to become Immortal. In an attempt to immortalize normal human CD8* 1 " T lymphocytes, we infected bulk 
cultures or clones of these cells with a retrovirus transducing an hTERT cDNA clone. More than 90% of transduced cells 
expressed the transgene, and the cell populations contained high levels of telomerase activity. Measuring the content of total 
telomere repeats in individual cells (by flow FISH) we found that ectopic hTERT expression reversed the gradual loss of te lorn eric 
DNA observed in control populations during long term culture. Telomere length in transduced cells reached the levels observed 
in freshly isolated normal CD8 + lymphocytes. Nevertheless, all hTERT-transduced populations stopped to divide at the same time 
as nontransduced or vector-transduced control cells. When kept in IL.-2 the arrested cells remained alive. Our results indicate that 
hTERT may be required but is not sufficient to immortalize human T lymphocytes. The Journal of Immunology, 2000, 165: 
4978-4984. 



Like most normal human cells, T lymphocytes have a lim- 
ited life span. In vitro proliferation of human T cells, 
widely used for research and clinical purposes, depends 
on the continuous presence of IL-2 as well as on periodic stimu- 
lation with Ag, mitogens, or a combination of agonistic Abs such 
as anti-CD3 and anti-CD28. In these conditions, T lymphocytes 
undergo a finite number of cell divisions until a certain point where 
they stop proliferating. This state has been called replica tive se- 
nescence by analogy with the term used to designate the growth 
arrest of diploid human fibroblasts after a finite number of cell 
divisions (reviewed in Ref. 1). Senescent T lymphocytes fail to 
proliferate in response to renewed attempts at stimulation, which 
frequently lead to massive cell death by apoptosis (2), but they can 
be maintained in culture for a long time, usually several months, if 
fresh IL-2 is added periodically. Senescent T cells are able to up- 
regulate IL-2Rot surface expression in response to Ag stimulation 
(3). Expression of other surface markers is generally unchanged, 
with a few exceptions, notably the decline in levels of the costimu- 
latory receptor CD28 (4-6). Senescent CD4"*" T cells are still able 
to secrete a number of cytokines when stimulated (5), and senescent 
CD8 + T cells retain high levels of Ag-specific cytotoxicity (3). 
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The impossibility to propagate T lymphocytes indefinitely limits 
their use for clinical applications that require large cell numbers 
such as adoptive transfer therapy of infections and malignancies. 
Why cultured T cells stop proliferating at a certain point remains 
unclear. In fibroblasts, telomere shortening during cell division is 
the molecular clock that triggers the entry of cells into senescence 
(7, 8). Expression of the enzyme telomerase allows germlinc cells 
and tumor cells to maintain telomere length during proliferation. 
Ectopic expression of human telomerase catalytic subunit 
(hTERT) 3 is sufficient to permit some cell types, such as fibro- 
blasts, retinal pigment epithelial cells, and endothelial cells (7, 8), 
to avoid senescence and to proliferate indefinitely. These immor- 
talized cells continue to display normal cellular functions and do 
not undergo changes characteristic of malignant transformation (9, 
10). Other cell types require alterations in cell cycle regulatory 
elements, besides telomerase expression, for immortalization. In 
particular, blocking of the Rb/pl6 pathway together with telom- 
erase expression are required to immortalize human kcratinocytcs 
and breast epithelial cells (11). 

Telomerase expression can be detected in hemopoietic stem 
cells* where it is transiently up-regulated during in vitro cytokine- 
driven expansion (12, 13). Telomerase activity is also detectable in 
different stages of T lymphocyte differentiation (14). In vitro, ma- 
ture T cells transiently express telomerase activity in response to 
stimulation with specific Ag (15), mitogens, or anti-CD3/anti- 
CD28 Abs (14, 16, 17). However, if the same cultures are sub- 
jected to repeated cycles of stimulation, the peak of telomerase 
activity becomes progressively lower (16). The ability of lympho- 
cytes to express telomerase activity is exceptional among normal 
differentiated human cells. It has been proposed that up-rcgulation 



3 Abbreviations used in this paper: hTERT, human telomerase catalytic subunit; 
hTER. human telomerase RNA template subunit; CFSE, 5-carboxyfluoresccin diac- 
ctatc-succinimidyl ester, MSCV, mouse stem cell virus; TRAP, telomerase repeat 
amplification protocol. 
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of telomerase allows T lymphocytes to preserve their replicative 
potential during clonal expansion so that memory cells with a 
strong capacity for expansion can be generated (18). However, a 
negative correlation between telomere length and donor age has 
been observed in CD4" 1 " T lymphocytes, and peripheral blood T 
lymphocytes with a memory phenotype have shorter telomeres 
than naive cells (19, 20). Telomeres also shorten in in vitro cul- 
tured lymphocytes (19, 20), and both telomere length and CD28 
expression decline with the number of cell divisions (5, 21). To 
investigate whether ectopic hTERT expression leads to immortal- 
ization of normal human CTL we infected bulk cultures or clones 
of human CD8" 1 " lymphocytes with a retrovirus transducing an 
hTERT cDNA clone. We report that although the transduced cells 
express high levels of telomerase and maintain telomere length, 
they do not have a significantly longer life span. 

Materials and Methods 

Purification and culture of CD 8* T lymphocytes 

PBMC were obtained from healthy donors by centrifugation on Ficoll- 
Hypaque (Pharmacia, Uppsala, Sweden), and CDS' 4 ' cells were purified by 



magnetic cell sorting using a mini MACS device (Miltenyi Biotec, Auburn, 
CA). The CD8* CTL clones NH 55 and LAU 203 0.3/3 were obtained by 
limiting dilution culture in the presence of PHA, irradiated allogeneic 
feeder cells, and IL-2 as previously described (22). Clone NH 55 was 
obtained from pepti de-stimulated PBMC of normal donor NM (23) and 
clone LAU 203 0.3/3 from tumor-infiltrating lymph node cells of mela- 
noma patient LAU 203 (24). 

Purified fresh CD8"" T cells and CD8 + CTL clones were plated at 10 3 
cells/well in Tscove's medium (Life Technologies, Basel, Switzerland) sup- 
plemented with 10% human serum, asparagine, arginine, and glutamine in 
the presence of 150 U/ml recombinant human IL-2 (a gift from Glaxo, 
Geneva, Switzerland) and stimulated with 1 ptg/ml PHA (Life Technolo- 
gies) plus irradiated allogeneic PBMC (3000 rad) as feeder cells, as de- 
scribed elsewhere (22). In the case of freshly isolated CD8 + T cells, ad- 
ditional cycles of stimulation were performed at intervals of 2 or 3 wk. 
Population doublings were determined by weekly counts of viable cells. To 
estimate the mean number of cell divisions vs time, we stained cell samples 
with the di acetate form of the carboxy fluorescein succinimidyl ester 
(CFSE; Molecular Probes, Eugene, OR) once or twice per week, and an- 
alyzed them by flow cytometry 6 h, as well as 4 and 7 days after staining 
(25, 26). A senescent population of clone NH 55 was stained at the same 
times and used as a standard. Living cells were gated and peaks corre- 
sponding to cells that had undergone a definite number of divisions were 
identified in the fluorescence histograms. From a histogram with jV peaks, 
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FIGURE 1. Telomerase activity in CD8* lymphocytes transduced with empty vector or hTERT, or stimulated with anti-CD3/anti-CD28 Abs. A, Nuclear 
extracts from cells transduced with hTERT (lanes 6—9) or the empty vector (lanes 2—5) were prepared 3 wk after the initial stimulation, when the transiently 
induced endogenous telomerase activity declined to low levels. To compare maximal endogenous telomerase activity with that due to the transduced hTERT 
construct, we also stimulated fresh cells from the same donor with a combination of anti-CD3 and anti-CD28 Abs and extracted cells 5 days later (lanes 
10-13). Extracts corresponding to the indicated cell number were assayed by TRAP. Extracts from hTERT-transduccd human lung fibroblasts (HLF) were 
used as control (lane 2). For each lane, the relative telomerase activity was determined by measuring with a phosphor imager the intensity of the repeat 
bands. B, Linear correlation between the amount of extract and telomerase activity in hTERT- transduced lymphocytes and activated cells at the peak of 
endogenous telomerase expression. Note that the signal given by 10" hTERT-transduccd cells is out of the linear range of the assay and was not used for 
quantification. C, Mean activities and SD of the different cell populations were plotted and compared with the activity in cells transduced with the vector, 
which was arbitrarily set to l.D, The reaction shown in lane 6 was repeated in the presence of increasing amounts of extracts from lymphocytes transduced 
with the empty vector. No significant differences were observed, indicating the absence of inhibitors in the te lorn eras e-negative cells. 
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FIGURE 2. Ectopic expression of hTERT at the single-cell level. Indi- 
rect immunofluorescence of fixed CD8 + T lymphocytes. A t Double-stain- 
ing with anti-nuclear pore Ab (left) and anti-hTERT Ab (right) of non- 
transduced (control) and hTERT-transduced cells from bulk cultures. Bar, 
5 jxm. B, Staining with anti-hTERT Ab of nontransduccd cells (control; 
left} and hTERT-transduccd cells (right) of the CTL clone LAU 203 0.3/3. 
Bar, 15 fim. Note that the pictures in (A) were acquired on a confocal 
microscope, whereas (B) shows pictures taken with a lower resolution light 
microscope. 



the mean number of cell divisions (MNCD) was calculated according to the 
formula 

N 

MNCD = 2/7^ 
/=] 

where « ( is the number of cell divisions corresponding to peak / and A"; is 
the fraction of cells in this peak. 

To induce endogenous telomerase activity, complete PBMC (10 6 cells/ 
ml) were stimulated with immobilized anti-CD3 (OKT3, 10 ju,g/ml) plus 
soluble anti-CD28 (CK248, 1 /xg/ml) in the presence of 150 U/ml of IL-2. 
After 5 days of culture, CD8 + cells were isolated by magnetic sorting, and 
telomerase activity was determined. 

Retrovirus construction and infection 

The hTERT retroviral construct was made by PCR amplification of full- 
length hTERT cDNA that was inserted into the mouse stem cell virus 
(MSCV) pac vector (27) provided by Dr. D. R. Littman (New York Uni- 
versity Medical Center, New York, NY). Amphotropic viruses were gen- 
erated by the transfection of this plasmid into <t>NX cells (provided by Dr. 
G. Nolan, Stanford University, Stanford, CA) as described (28). CD8**" 
bulk cultures and clones were infected 3 days after stimulation according 
to a spin infection protocol (29) repeated three times at daily intervals. The 
efficiency of transduction, estimated by staining with specific anti-hTERT 
Ab (see below), varied from 1 to 5%. Transduced cells were selected in 1 .0 
fLg/ml puromycin for 1 wk. 



Telomerase repeat amplification protocol (TRAP) assays and 
immun pflu orescence 

Nuclear extracts were prepared as described (30) and TRAP was performed 
according to (31) using the ACX-anchored return primer. Relative signal 
intensity of the repeat bands was measured by phosphor imaging analysis. 
To compare telomerase activity of the different cell populations, the inten- 
sity of the signals from individual reactions was normalized to the cell 
equivalents of extract added. Signals that fell into the range in which there 
was a linear correlation between signal intensity and cell equivalents were 
used for quantification (see Fig. 1C). For indirect immunofluorescence, 
cells were diluted in complete culture medium, dropped onto glass slides 
coated with poly lysine, and incubated for 2 h at 37 D C. After washing and 
fixation with 4% paraformaldehyde in PBS for 15 min at room temperature, 
cells were permeabilized in 0.1% Triton X-100 in PBS for 10 min before 
blocking with 2% BSA/0.1% Tween 20 in PBS for 30 min at room tem- 
perature. After washing, cells were incubated with primary Abs for 1 h at 
room temperature. Mouse anti-nuclear pore Ab (32) was a gift from Dr. 
Susan Oasscr (Swiss Institute for Experimental Cancer Research, Epalin- 
ges, Switzerland). Rabbit anti-hTERT Ab (0.4 p-g/rnl) was affinity-purified 
and will be described elsewhere (M. Am acker and J. Lingner, manuscript 
in preparation). Incubation with secondary Abs, Alexa 488-conjugated goat 
anti-rabbit Ab (Molecular Probes), and Cy3 -conjugated goat anti-mouse 
Ab (The Jackson Laboratory, Bar Harbor, ME) were conducted for 45 min 
at room temperature. Images were acquired on a Zeiss LSM 410 confocal 
microscope (Fig. 2A) and on a Cool view Photonics CCD Zeiss Axiophot 
microscope (Fig. IB). 

Telomere length determination by flowFlSH 

To measure cellular telomere length, cells were hybridized in situ with a 
fluorescent telome re-specific peptide nucleic acid probe, according to pre- 
viously described, slightly modified protocols (20, 33, 34). To follow the 
evolution of a single population of lymphocytes during long-term culture, 
cell samples were frozen at different time points and analyzed in a single 
flowFISH experiment, Frozen cells (10 5 -5 X 10 s ) were thawed, washed in 
PBS, and resuspended to 10 3 cells/100 yX of a hybridization mixture 
(Dako, Glostrup, Denmark) containing 70% dimethylformamide and a te- 
lomere-specific FlTC-conjugated (C^TA^) 3 peptide nucleic acid probe. Af- 
ter 10 min at 82°C samples were incubated overnight at room temperature 
in the dark. Control samples were resuspended in hybridization solution 
without probe to obtain background fluorescence values. After hybridiza- 
tion, cells were spun down and washed twice with 4 ml PBS at 40°C for 
10 min and finally resuspended in PBS containing 0.1% BSA, 10 /x-g/ml 
RNase A (Bohermger Mannheim, Indianapolis, IN), and 0. L ptg/ml pro- 
pidiuro iodide (Calbiochem-Novabiochem, La Jolla, CA). After 4 h at room 
temperature in the dark, cells were analyzed on a FA C Scan flow cy to meter 
(Becton. Dickinson, Sunnyvale, CA) or stored at 4°C before analysis. Sig- 
nals from FrTC-labeled beads (Quantum premixed; Flow Cytometry Stan- 
dards, San Juan, PR) were measured at the beginning and at the end of 
every experiment. Signals were acquired in linear scale mode, and events 
were gated according to propidium iodide fluorescence to restrict analysis 
to cells with diploid DNA content, as described before (33). 

Results 

Expression of telomerase activity in hTERT-transduced CD8* T 
lymphocytes 

We isolated CDS"*" T cells from peripheral blood of healthy donors 
by magnetic sorting and stimulated them with irradiated allogeneic 
PBMC and PHA to trigger cell proliferation. Three days later, the 
cell population was infected with an amphotropic MSCV virus 
(27) containing the puromycin 7V-acetyl transferase gene (confer- 
ring resistance to puromycin) under the control of the phospho- 
glycerol kinase promoter and a complete hTERT cDNA under the 
control of the viral long terminal repeat. As expected from the 
work of others (7, 8), primary human lung fibroblasts infected with 
the same virus expressed telomerase activity and did not undergo 
senescence (data not shown). 

Infected lymphocytes were selected in puromycin, and telom- 
erase activity was measured in nuclear extracts of resistant cells by 
TRAP. As shown in Fig. 1, A and C, transduced lymphocytes 
expressed high levels of telomerase activity, similar to those found 
in fibroblasts transduced with the same construct. Enzyme activity 
was —80 times higher than that in cells derived from the same 



6-24-05; 15:35 ; Zacco Denmark A/S 



; +4539488080 



U 10/ 20 



The Journal of Immunology 

lymphocyte population but transduced with a control vector. These 
results indicate that the introduced hTERT cDNA is expressed in 
T lymphocytes as efficiently as in fibroblasts, and that in both cell 
types hTERT is the component that limits telomerase activity. Nu- 
clear extracts from cells transduced with the empty vector or the 
hTERT construct were prepared 3 wk after stimulation with PHA, 
when the transiently induced endogenous telomerase activity had 
declined to barely detectable levels. For any given extract there 
was a linear correlation between the signals due to telomerase 
products (as measured by phosphor imager) and the amount of 
extract added (Fig. IB), indicating that the efficiency of the PCR 
step did not vary between reactions. Addition of increasing 
amounts of extract from vector-transduced, telornerase-negative 
cells to a TRAP reaction with 3000 cell equivalents of hTERT- 
transduced lymphocytes did not significantly affect the level of 
telomerase activity measured (Fig. ID), indicating that at the con- 
centrations used, lymphocyte extracts do not inhibit telomerase 
activity. 

To compare maximal endogenous telomerase activity with the 
one due to. the trans gene, we also performed TRAP assays with 
extracts of CD8"*" T cells activated with immobilized anti-CD3 Ab 
plus soluble anti-CD28 Ab, a method that has been reported to 
efficiently induce telomerase activity in cultured human T cells 
(14, 17). Extracts were prepared 5 days after stimulation, at the 
peak of induced telomerase activity. As shown in Fig. 1 , the ac- 
tivity detected in activated normal lymphocytes was approximately 
four times lower than that in hTERT-transduced cells. This differ- 
ence could reflect low endogenous enzyme activity in all activated 
normal cells, or high telomerase levels restricted to a small fraction 
of cells. To address this question we stained cells, by indirect im- 
munofluorescence, with an Ab specific for hTERT (M.Amacker 
and J. Lingner, manuscript in preparation). Observation by confo- 
cal microscopy showed a pattern of distinct spots in the nucleus, as 
previously described for tumor cells (35), in >90% of the lym- 
phocytes transduced with hTERT, whereas only background fluo- 
rescence was detected in nontransduced control cells (Fig. 2A). No 
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strongly stained cells were detectable among lymphocytes acti- 
vated with anti-CD3/anti-CD28 Abs (data not shown), indicating 
that the difference between the average telomerase activity of the 
transduced and activated control lymphocytes is mainly due to a 
lower level of endogenous hTERT in all normal activated cells. 
Transduced cells could be expanded for several weeks with no loss 
of hTERT expression. 

In addition to bulk cultures of freshly isolated CD8 + T lym- 
phocytes we infected two Ag-specific CTL clones with the same 
retroviral hTERT construct. Clone NH 55 recognizes influenza 
matrix (FluMA) peptide 58-66 (23), whereas clone LAU 203 
0.3/3 is specific for the tumor-associated Ag Melan-A 26 _ 3 s (24) 
(see Materials and Methods). Light microscopy of cells stained 
with anti-hTERT Abs revealed that >90% of hTERT-transduccd 
cells expressed high levels of hTERT protein, whereas control 
cells did not show any staining above background (Fig. 2B). At the 
resolution obtained with the light microscope the punctuate pattern 
seen in Fig. 2A is not resolved. 

Ectopic hTERT expression does not prevent growth arrest of 
CD8*~ T lymphocytes 

To determine whether ectopic hTERT expression extended the 
lifespan of T lymphocytes, we expanded cells infected with MSCV 
virus containing hTERT cDNA or with the empty vector (carrying 
only the puromycin resistance gene), as well as nontransduced 
cells, by periodic stimulation with PHA plus irradiated PBMC in 
the presence of TL-2. Living cells were counted at least once a 
week to determine the number of population doublings, Bulk cul- 
tures of nontransduced CD8 + T lymphocytes underwent 16-19 
population doublings before proliferation ceased, in agreement 
with previous reports (36, 37). Cell populations expressing the 
hTERT transgene stopped growing after a similar number of pop- 
ulation doublings as matched control populations (Fig. 3, A and B). 
After growth arrest, cells not only failed to proliferate when re- 
stimulated with PHA and irradiated feeder cells, but massive cell 
death by apoptosis was often observed instead (data not shown). 
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FIGURE 3. In vitro growth and telomere length evolution of CD8 + human T lymphocytes. Cells were cultured and stimulated as described in Materials 
and Methods. Infections with hTERT constructs or empty vectors were conducted on days 16-1 9 (experiment L) or on days 4-6 (experiment 2). Population 
doublings were determined by counting viable cells once or twice per week {A and B). Wc assume that puromycin-rcsistant cells undergo the same number 
of population doublings during selection as the nontransduced control population. Telomere fluorescence was measured by flowFISH (see Fig. 5), Mean 
fluorescence signals were plotted (C and D) as molecular equivalents of soluble fluorochrome (MESF) after subtraction of the background (left^-axis scale) 
and transformed into telomere length estimates (20) (rights-axis scale). Error bars represent the SD from the mean of the fluorescence histograms. 
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FIGURE 4. In vitro growth and telomere 
length evolution in CTL clones NH 55 and LAU 
203 0.3/3. Infections with hTERT retroviral con- 
structs were conducted on days 4—6. Mean num- 
bers of cell division were determined by weekly 
staining of cells with CFSE and analysis of 
CFSE fluorescence histograms 3 and 7 days later 
(A and B). Telomere length was measured by 
flowFISH (Cand D). Black, Background; no shad- 
ing/dashed line, cells at the time of transduction 
(day 4); no shading/solid line, nontransduced con- 
trol cells on day 30; gray, hTERT-transduced cells 
on day 30. 
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The apparent Lag in the growth kinetics of the transduced popula- 
tion shown in Fig. 3A probably reflects the effect of inhibitory 
products generated by dying cells eliminated by the puromycin 
selection. Note that no lag is observed when growth curves of cells 
transduced with the hTERT construct and with the empty virus are 
confronted (Fig. 35). 

Similar experiments were performed with two Ag-specific CTL 
clones, whose rate of proliferation was continuously followed by 
CFSE staining (25, 26). At weekly intervals, cell aliquots were 
stained with CFSE and analyzed by flow cytometry 3 and 7 days 
later to estimate the mean number of cell divisions during these 
periods. Comparison of the CFSE data with viable cell counts in- 
dicated that cells underwent about twice as many divisions as pop- 
ulation doublings. Similarly to what we had observed in the bulk 
cultures, hTERT transduction did not affect the proliferative ca- 
pacity of either CTL clone (Fig. 4, A and B). CFSE staining of cells 
after growth arrest revealed that the cells had ceased to divide. This 
indicates that the constant number of living cells in the arrested 
cultures is not the consequence of equilibrium between cell divi- 
sion and cell death. 

Ectopically expressed hTERT maintains CDS* T lymphocyte 
telomeres 

We used flowFISH to monitor telomere length in cultured CD8 + 
T lymphocytes. The technique quantifies, by flow cytometry, the 
fluorescent signals from individual cells after in situ hybridization 
with a fluorescent peptide nucleic acid probe specific for telomere 
repeats (20, 33, 34). Frozen aliquots of cells collected at different 
times from the same population were all processed in the same 
experiment. Cells were stained with propidium iodide, and telo- 
mere fluorescence was measured only in Gl phase cells. Repre- 
sentative histograms are shown in Fig. 5. The fluorescence of ev- 
ery individual cell is proportional to the total telomere length of its 
chromosomes. An estimate of the mean telomere length is obtained 
by comparing cellular signals with those from fluorescent bead 
standards, applying the equation derived by Rufer et al. (20). 

An increase in telomere fluorescence of freshly isolated CD8"*" 
T lymphocytes could be observed during the first 2 wk of culture 
after the initial stimulation. Thereafter telomere signals gradually 
declined until the time when the cells stopped dividing (Fig. 3, C 



and D). In contrast, transduction with hTERT cDNA resulted in a 
progressive increase in telomere length. When the cells stopped 
proliferating, telomeres had reached an average length slightly 
higher than the peak observed 2 wk after the first stimulation. The 
coefficient of variation of all the fluorescence histograms is similar, 
indicating that the decrease in telomere length during culture as 
well as the increase after hTERT transduction affects the entire 
population of cells and not only a subpopulation. This homogene- 
ity correlates well with the uniform staining of the transduced cell 




Telomere fluorescence 
(arbitrary units) 



FIGURE 5. Typical examples of telomere fluorescence histograms. To- 
tal telomere fluorescence in single cells of CD8 + T lymphocyte bulk cul- 
tures was measured by flowFISH. Black, background; no shading, control 
cells (transduced with empty vector); gray, hTERT-transduced cells. 
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populations with anti-hTERT Abs. Telomere fluorescence mea- 
surements in transduced and non transduced CTL clones after 30 
days of culture show that ectopic hTERT expression results in 
telomere lengthening also in these cells (Fig. 4, C and £>). 

Discussion 

Most differentiated human cells do not express telomerase activity, 
and their telomeres shorten during proliferation. This can be pre- 
vented by ectopic expression of hTERT. Freshly isolated, mature 
T lymphocytes are peculiar in the sense that they transiently ex- 
press telomerase activity upon activation; in this respect they re- 
semble hemopoietic stem cells in expansion (13). However, the 
amplitude of telomerase expression declines with repeated stimu- 
lation cycles, and telomeres do shorten (16). We have found that 
telomere length increases in freshly isolated T cells during 2 wk 
after the first stimulation, before it starts to decline. This suggests 
that during the initial period following T lymphocyte activation, 
endogenous telomerase activity is sufficient to increase telomere 
length. However, it might also reflect selection for naive T cells 
with long telomeres. Telomere lengthening has also been described 
in normal, in vivo proliferating B lymphocytes (19). Results from 
a recent study (38) suggest that both hTERT and the RNA template 
subunit of telomerase (hTER) are up-regulated after lymphocyte 
activation, and that there is a correlation between the levels of 
hTER expression and telomerase activity. Our experiments with 
hTERT-transduced T lymphocytes cultured for extended periods 
show that hTER levels are not limiting. 

As in fibroblasts (7), ectopic expression of hTERT induces telo- 
mere lengthening in T cells. But unlike fibroblasts or endothelial 
cells (39), hTERT-transduced T lymphocytes cease to proliferate 
after a similar number of population doublings or cell divisions as 
control cells. This indicates that telomere shortening is not the only 
process that limits the life span of T cells. However, it cannot be 
excluded that one or a few telomeres continue to shorten in 
hTERT-transduced cells and trigger growth arrest when they reach 
a critical size. To rule out this unlikely hypothesis it will be nec- 
essary to quantify individual telomere length by Q-FISH (40). 

Our results are reminiscent of the finding that immortalization of 
human keratinocytes and breast epithelial cells depends on addi- 
tional changes besides hTERT expression, namely, on inactivation 
of the Rb protein/pl6 pathway (11). One explanation for the dif- 
ferent requirements for the immortalization of fibroblasts, on the 
one hand, and certain epithelial cells, on the other, is that the cul- 
ture conditions for the latter are suboptimal and lead to activation 
of the pl6/Rb stress pathway. A similar explanation may apply to 
T lymphocytes. Progressive pi 6 accumulation during T cell in 
vitro proliferation has indeed been reported (41), but the culture 
system used did not allow restimulation of cells with PHA, sug- 
gesting that it was inadequate for maximal expansion of T cells by 
this method. 

An alternative explanation for the growth arrest of CD8 + T 
lymphocytes under the conditions used in our experiments may be 
that the stimulation requirements of T lymphocytes change during 
clonal expansion as part of a differentiation process of naive into 
memory cells. Thus, the apparent senescence of these cells may 
not be due to the intrinsic limitation of the proliferative capacity of 
the cells, but rather to the loss of the ability to proliferate in re- 
sponse to the stimuli provided (PHA 4- feeder cells plus IL-2). One 
change that might reduce responsiveness is the decrease in the 
expression of the costimulatory receptor CD28 in T cells that have 
undergone a high number of divisions. It has been reported that 
CD28 -mediated costimulation is necessary to prevent cell death 
during T cell activation (42) and that CD28 expression declines 
during in vitro culture and is virtually absent in senescent ceils 
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(43). We have compared CD28 expression on lymphocytes trans- 
duced with hTERT or with the control vector, at different times of 
culture and in senescent cells (data not shown). In both populations 
we observed a similar gradual loss of CD28 expression during 
culture. Loss of CD28 may be one of the causes why growth- 
arrested T cells respond to restimulation with PHA and feeder cells 
by apoptosis rather than proliferation. Down-regulation of other 
costimulatory molecules such as CD134 (OX -40) and CD 154 
(CD40L), or IL receptors such as IL-4R, IL-7R, and IL-15R and 
the IL-2R common y chain (4) may also affect responsiveness of 
these cells to TCR-mediated signaling. According to this hypoth- 
esis, transduction of CDS"*" T cells with components that restore 
their capacity to respond to the same signals as naive cells should 
allow the cells to proliferate further until their telomeres become 
critically short We predict that, as in fibroblasts, the latter limit 
can indeed be overcome by ectopic expression of hTERT. Thus, 
hTERT may be required but is not sufficient to immortalize human 
T lymphocytes. 
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Abstract 

Like other normal human somatic cells, T lymphocytes are 
believed to have a finite in vitro life span. However, contin- 
uous T lymphocyte cell lines can often be established from 
chronic inflammatory skin diseases when the culture medium 
is supplemented with IL-2 and IL-4 but without antigen and 
accessory cells added. Based on the assumption that these con- 
tinuous T lymphocyte cell lines were activated by antigen dur- 
ing the chronic inflammation taking place in vivo, I investi- 
gated whether peripheral blood T lymphocytes could be 
induced to cytokine-dependent continuous growth following 
antigen activation. Upon allostimulation, peripheral blood 
CD4+ T lymphocytes reproducibly escape from cellular senes- 
cence. These IL-2- and IL-4-dependent continuous T cell lines 
show high telomerase activity. Withdrawal of either IL-2 or 
IL-4 results in cell growth arrest concomitant with down-regu- 
lation of telomerase activity. When cultured continuously, 
these CD4+ human T lymphocytes gradually lose expression 
ofCD28. 



Introduction 

The concept of cellular senescence is based 
on the belief that human somatic cells in vitro 
are constrained by replicative senescence. 
This phenomenon has been well documented 



for human fibroblasts [1, 2], keratinocytes 
and hepatocytes [3, 4]. Human T lymphocytes 
from chronic inflammatory skin diseases, 
however, seem to be an exception to this dog- 
ma, as they often escape from replicative 
senescence when cultured in a medium sup- 
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plemented with IL-2 and IL-4 [5, 6]. As nei- 
ther addition of antigen nor antigen-present- 
ing cells were required to establish continuous 
growth, these T lymphocytes seemed to be 
activated in vivo in such a manner that con- 
tinuous in vitro growth only required addition 
of a sufficient cytokine source. As a chronic 
inflammation is expected to be maintained by 
antigen activation of T lymphocytes, I wanted 
to test the possibility that antigen stimulation 
could lead to cytokine-dependent continuous 
growth of peripheral blood T cells. 



Materials and Methods 

Derivation of Finite and Continuous Peripheral 
Blood T Ceil Lines 

Peripheral blood mononuclear cells (PBMC) from 3 
healthy donors were isolated by standard Ficoll-Isopa- 
que gradient centrifugation. The PBMC were resus- 
pendedatS x 1 0 5 cells/ml in 90% RPMI-1 640, 10% hu- 
man AB serum, 1,000 U/ml 11^2 and 500 U/ml 11^4 
with antibiotics as described [5]. To establish whether 
longevity of cultured PBMC is dependent on in vitro ac- 
tivation, PBMC were cultured in the above medium 
alone or with additional alloactivation. 5 x 10 6 PBMC 
were stimulated with the heavily 7-irradiated (60 Gy) 
Psor-2 cell line at a 5: 1 ratio. The Psor-2 cell line is a con- 
tinuous T cell line established from a skin biopsy spe- 
cimen of a patient with psoriasis vulgaris by culturing 
the skin specimen in the medium mentioned above [6]. 

Estimation of CD28 Expression as a Function of 
Cell Population Doublings 

Monoclonal antibodies against CD3, CD4, CD8, 
CD28, and CD56 were purchased from PharMingen. 
An a/p T cell receptor subfamily antibody against Vgl 8 
was obtained from Immunotech. An indirect immuno- 
fluorescence technique was applied to label the cells as 
previously described [5]. Allostimulated continuously 
growing peripheral blood T cell lines were cryopre- 
served for each 10 PD. Cells cryopreserved at different 
cell population doublings (PD) were then thawed, cul- 
tured for 4 days and analyzed for CD28 expression by 
flow cytometry. CD4 and CD8 expression served as 
positive and negative controls, respectively. For each 
antibody, 2 x 1 0 4 cells were analyzed (FACS Calibur, 
Becton Dickinson). Fluorescence microscopy was also 
applied to evaluate the stain ings. 




Fig. 1. Number of PD of three PBMC cultures 
grown in medium with IL-2 + 11^4 alone (left) or with 
allostimulation in the presence of IL-2 + 11^4 (right). 



A clonal CD4+, V p l8+ T cell line My-La, 
46,XY,i(18q) [7, 8] cultured with 1,000 U/ml IL-2 and 
500 U/ml IL-4 was also analyzed for CD28 expression 
at different PD. 

Other Methods 

Cells were found to be free of mycoplasma by the 
Hoechst staining test. Telomerase activity of 10 3 cells 
was determined by the TRAPeze Telomerase Detec- 
tion Kit as described by the manufacturer (On cor). 



Results 

Growth of PBMC with and without 
Allostimulation 

PBMC from the 3 healthy donors prolifer- 
ated between 1 and 3 PD when cultured in the 
cytokine-supplemented medium alone (fig. 1) 
in agreement with previously published data 
showing that PBMC proliferate only tran- 
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Fig. 2. Telomerase activity at 100 PD of a contin- 
uous peripheral-blood-activated CD4+ cell line (Act-1) 
cultured with IL-2 + IW, 1L-2 or IL-4 as indicated. 
For comparison, telomerase activity of the leukemic 
cell line Se-Ax, cultured with IL-2 alone, is also 
shown. 



siently when stimulated with a combination 
of 11^2 + IL-4 [5, 6], However, when PBMC 
were allostimulated once with the Psor-2 cell 
line in the presence of a high concentration of 
IL-2 and IL-4, T cells as well as non-T cells 
(preferentially CD3-, CD56+) proliferated 
vigorously during the first 4-6 weeks. 

After approximately 50 PD, only CD4+ T 
cell grew in the cytokine-based medium. All 
three CD4+ allostimulated T cell lines have 
proliferated beyond 150 PD with a PD time 
of 30-36 h (fig. 1). This corresponds to an 
increase in cell numbers of 2 150 ~ 10 45 -fold. As 
allostimulated peripheral blood T lympho- 
cytes have been estimated to have a limited in 
vitro lifespan of 23 ± 7 PD [9], the allostimu- 
lated CD4+ cell lines reported here can be 
considered continuous, effectively having an 
unlimited replication capacity. 



So far, the three continuous peripheral- 
blood-derived CD4+ cell lines show no sign of 
growth exhaustion and at PD 150 still retain 
alloreactivity (results not shown). 

Cytokine-Dependent Continuous TCell 
Lines Have Cytokine-Dependent 
Telomerase Activity 

Continuous cell lines are expected to have 
telomerase activity. When cultured in the 
presence of both IL-2 and IL-4, in-vitro-acti- 
vated peripheral blood CD4+ T cells show 
high telomerase activity (fig. 2) comparable to 
that of a leukemic cell line Se-Ax [10], estab- 
lished from a patient with Sezary syndrome. 
Withdrawal of either IL-2 or IL-4 results in 
growth arrest. After withdrawal of IL-4, a 100 
PD cell culture ceases proliferating after 14- 
21 days. Withdrawal of IL-2 results in cell 
growth arrest between 6 and 9 days. As shown 
in figure 2, telomerase activity in 11^2 or IL*4 
starved cells is severely reduced. The results 
indicate that simultaneous presence of 11^2 
and IL-4 regulates both growth and telomer- 
ase activity in these T cell lines. 

CD28 Expression Correlates Inversely with 

Cell Population Doublings 

Allostimulated PBMC cultured in the cyto- 
kine-supplemented medium became pure 
CD4+ cell lines after approximately 50-60 
PD. CD28 expression of one such CD4+ cell 
line, Act- 1 , at PD 60 and PD 1 50 is presented 
in figure 3. CD28 expression is clearly detect- 
able at PD 60 but absent at PD 1 50. A gradual 
decline in expression of CD28 between PD 60 
and PD 1 50 could be observed (results not 
shown). 

To investigate whether the culture system 
preferentially expands preexisting CD28-neg- 
ative CD4+ cells or whether CD28 could 
serve as a mitotic clock in individual T cells, a 
clonal^ CD4+, V p 18+ T cell line established 
from an inflammatory skin biopsy specimen 
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Fig. 3. CD28 expression of the continuous peripheral-blood-derived CD4+ cell line Act-1 
at PD 60 and 150 compared with CD4 and CD8 expression at PD 1 50. 



[7, 8] was investigated for CD28 expression. 
As shown in figure 4 S CD28 expression of this 
T cell clone (My-La, 46,XY,i(18q)) decreases 
gradually with cell population doublings be- 
ing present at PD 40 and completely absent at 



PD 200. However, CD4+ expression is com- 
patible at PD 40 and PD 200. These findings 
are in agreement with data obtained from fin- 
ite CD4+ T cell lines [11] showing downregu- 
lation of CD28, but not complete loss of 
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Fig. 4. CD28 expression at different PD of the clonal T cell line My-La, 46,XY,i(18q). 
Also shown is CD4 and V p l 8 expression at the different PD and CD8 expression at PD 200. 



CD28 expression with increasing PD. The 
results presented here show that CD28 ex- 
pression correlates inversely with cell popula- 
tion doublings and indicates that CD28 ex- 
pression can serve as a mitotic clock at the 
clonal level. 



Discussion 

We have previously shown that continuous 
human T lymphocyte cell lines can often be 
established from chronic inflammatory skin 
diseases by addition to the culture medium of 
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only a cytokine source but without antigen 
and accessory cells added. As the interaction 
between dendritic cells and T lymphocytes in 
vivo seems to play an important role in the 
maintenance of chronic inflammatory skin 
diseases [ 1 2], it was hypothesized that activa- 
tion of human T lymphocytes in vitro could 
also lead to establishment of cytokine-driven 
continuous growth. The results presented here 
show that alloactivation with the continu- 
ous psoriatic T cell line Psor-2 can efficient- 
ly prime allogeneic CD4+ peripheral blood 
T cells to cytokine-dependent continuous 
growth. These cytokine-driven peripheral- 
blood-derived CD4+ T cell lines show IL-2- 
and IL-4-dependent telomerase activity, and 
gradually lose CD28 expression with increas- 
ing PD. 

In summary, contrary to other normal hu- 
man somatic cells, T lymphocytes can be acti- 



vated to continuous cytokine-driven growth 
in vitro like in vivo. The results presented 
here raise the possibility of generating an un- 
limited number of T cells with predefined 
specificity. Such immortal T cell lines may be 
useful for several applications, for instance for 
standardization of T-cell-mediated biological 
assays and for generating sufficient numbers 
of autoimmune T cells for human T cell vacci- 
nation. 
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Telomerase levels control the lifespan of human T lymphocytes 

Alexander Roth, Hans Yssel, Jerome Pene, Elizabeth A. Chavez, Mike Schertzer, Peter M. Lansdorp, Hergen Spits, and Rosalie M. Luiten 



The loss of telomeric DNA with each cell 
division contributes to the limited replica- 
tive lifespan of human T lymphocytes. 
Although telomerase is transiently ex- 
pressed in T lymphocytes upon activa- 
tion, it is insufficient to confer immortal- 
ity. We have previously shown that 
immortalization of human CD8 + T lympho- 
cytes can be achieved by ectopic expres- 
sion of the human telomerase reverse 
transcriptase (hTERT) gene, which en- 
codes for the catalytic component of the 
telomerase complex. To study the role of 
endogenous hTERT in the lifespan of 
human T cells, we blocked endogenous 

Introduction 



hTERT expression by ectopic expression 
of dominant-negative (DN) hTERT. Cells 
expressing DN-hTERT had a decreased 
lifespan and showed cytogenetic abnor- 
malities, including chromosome ends 
without detectable telomeric DNA as well 
as chromosome fusions. These results 
indicate that while endogenous hTERT 
cannot prevent overall telomere shorten- 
ing, it has a major influence on the longev- 
ity of human T cells. Furthermore, we 
show that up-regulation of hTERT in T 
cells upon activation decreases overtime 
in culture. Long-term-cultured T cells also 
show a decreased expression of c-myc 



upon activation, resulting in less c-myo- 
induced transcription of hTERT. More- 
over, memory T cells, which have ex- 
panded in vivo upon antigen encounter, 
expressed a lower level of hTERT upon 
activation than naive cells from the same 
donor. The observed inverse correlation 
between telomerase levels and replica- 
tive history suggests that telomerase lev- 
els in T cells are limiting and increasingly 
insufficient to sustain their proliferation. 
(Blood. 2003;102:849-857) 
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Human T lymphocytes have a limited lifespan. During long-term 
culture, human T cells proliferate for a restricted number of cell 
divisions, after which the cells cease to proliferate and become 
senescent. 1 Therefore, in vitro-established antigen-specific CD8 + 
or CD4 + T clones can usually not be expanded beyond 20 to 30 
population doublings, 2 * 3 and subcloning of established human 
T-cell clones usually fails or yields subclones with very little 
replicative potential. The proliferative capacity of T cells may 
therefore be linked to the replicative history of the cells. Replica- 
tive senescence of T cells has also been demonstrated in vivo: 
memory T cells have a decreased proliferative capacity and shorter 
telomeres compared with naive T cells, 4,5 and the telomere length 
in lymphocytes shows a progressive decrease with donor age. 4 7 

It has been suggested that the limited lifespan of most human 
somatic ceils is due to progressive telomere shortening. 8 - 9 Telo- 
meres shorten during each cell division until they reach a critical 
length, at which point the cells undergo cell-cycle arrest and enter 
the nondividing state known as replicative senescence. Replicative 
senescence can be overcome by expression of the enzyme complex 
telomerase, which consists of a catalytic subunit with reverse 
transcriptase activity, human telomerase reverse transcriptase 
(hTERT), a RNA template, human telomerase RNA component 
(hTERC), and associated proteins. 10 Ectopic expression of the 
hTERT gene in human cells has been shown to result in telomere 
elongation and immortalization of various cell types, including 



fibroblasts, endothelial cells, and retinal pigment epithelial cells.' 112 
We have previously reported that ectopic hTERT expression in 
CD8 + T cells leads to an extended lifespan, which demonstrates 
that loss of telomere ends is a limiting factor for the lifespan of 
T cells. 13 - 14 

In contrast to most other somatic cell types, T cells express 
endogenous telomerase activity, which is highly regulated during 
both T-cell development and activation. 15 Telomerase RNA expres- 
sion and enzymatic activities are transiently up-regulated by T cells 
upon activation through T-c ell-receptor (TCR) ligation in the 
presence of appropriate costimulatory signals.' 6 Despite the fact 
that forced expression of hTERT results in immortality, the 
endogenous telomerase activity is insufficient to prevent telomere 
erosion in vitro and in vivo 5,6 * 17 ' 20 and does not confer immortality 
to T cells in vitro. This raises the question whether endogenous 
telomerase plays a role in the lifespan of human T cells. To 
investigate this, we used a dominant-negative (DN)-hTERT mu- 
tant, which was shown to inhibit endogenous telomerase activity in 
tumor cells, most likely by competing with hTERT for limiting 
amounts of telomerase RNA. In tumor cells, expression of DN- 
hTERT led to an enhanced degree of telomere erosion upon 
proliferation. 21 ' 22 We examined the consequences of inhibition of 
endogenous hTERT activity in human T cells by forced expression 
of 2 different DN versions of the hTERT gene (DN-hTERT). We 
show here that T cells transduced with DN-hTERT have a shorter 
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lifespan than untransduced cells and accumulate cytogenetic abnor- 
malities, which indicates that endogenous telomerase activity is 
involved in regulating the lifespan of primary human T cells. 
Strikingly, DN-hTERT expression led to loss of detectable telo- 
mere repeats on multiple chromosomes as well as chromosome 
fusions. However, no generalized telomere shortening was ob- 
served, suggesting a role of endogenous telomerase activity in the 
repair of critically short telomeres. In T cells after extensive in vitro 
expansion and in freshly isolated memory and naive T cells, we 
observed that hTERT transcription upon activation decreased with 
the implicative age of the cells. This decrease correlated with 
decreased levels in c-myc expression. These results demonstrate 
the importance of endogenous telomerase activity for the lifespan 
of telomerase-positive somatic cells and provide a plausible 
explanation for the limited lifespan of T cells. 



Materials and methods 

Retroviral constructs 

The hTERT retroviral construct hTERT-enhanced green fluorescence 
protein (GFP) was generated by insertion of hTERT cDNA into the 
polylinker of LZRS-Iinker internal ribosomal entry site (IRES)-GFP, as 
described.' 3 Amphotropic retrovirus was made by transfection of the 
retroviral construct into 4>NX-A cells. DN-hTERT (Asp7 1 2Ala, Val7 1 3Ile), 
kindly provided by Dr Robert Weinberg (Massachusetts Institute of 
Technology [MIT], Boston), was generated by substitution of the aspartic 
acid and valine residues at positions 712 and 713 in the third reverse 
transcriptase (RT) motif of hTERT with alanine and iso leucine, respec- 
tively, as described. 21 The DN-hTERT (Asp712Ala, Val7J3llc) cDNA was 
inserted into the polylinker of retroviral vector LZRS-IRES-GFP to enable 
retrovirus production. 

DN-hTERT (Asp868Ala, Asp869Ala) complementary DNA, kindly 
provided by Dr Lea Harrington (University of Toronto, ON, Canada) was 
generated by substitution of the aspartic acid residues at position 868 and 
869 with alanine residues. 22 DN-hTERT (Asp868Ala, Asp869Ala) or the 
full-length hTERT (cDNA kindly provided by Dr Robert Weinberg) were 
inserted into a murine stem cell virus (MSCV)-based retroviral vector 
containing the gene for GFP (Clontech, Palo Alto, C A) under the control of 
phosphoglycerate kinase I (PGK) promoter 23 Helper-free retrovirus, 
pseudotyped with the gibbon ape leukemia virus (GALV) envelope for 
efficient infection of human ceils, was generated using PG13 packag- 
ing cells. 24 

Isolation of human CD4 + and CD8 + T cells 

The Netherlands Cancer Institute's institutional review board approved 
these studies. Informed consent was provided according to the Declaration 
of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated 
from healthy individuals by density centrifugation using Ficoll-Hypaque 
(Pharmacia, Uppsala, Sweden). PBMCs were stained with CD4-PE (phyco- 
erythrin; Becton Dickinson, San Jose, CA) and CD8-FITC (fluorescein 
isothiocyanate; Becton Dickinson). CD4 + or CD8 + cells were sorted by 
fluorescence-activated cell sorting (FACStar Plus, Vanlage SE; Beclon 
Dickinson) and cultured in RPMI 1640 medium (Gibco, Grand Island, NY) 
containing 10% human serum (HS) supplemented with phytohemagglutinin 
(PHA; Gibco), 100 U/mL recombinant human interleukin 2 (rhIL-2; Roche, 
Nutley, NJ) and 0.5 X 10 6 /mL irradiated (30 Gy) allogeneic mononuclear 
feeder cells. The cultures were stimulated weekly with the feeder cells and 
PHA until sufficient cells were obtained for transduction. The number of 
population doublings (PDs) was calculated from the average cell count 
using the following equation: PD = I0 log (number of cells counted after 
expansion) — ,0 log (number of cells sccded)/ l0 log 2. 



Human T-cell clones 

The human CD4 + T-cell clones MoT-72 and MoT-81, specific for the 
tetanus toxoid peptides (941-960) and (16-35), respectively, were generated 
from the PBMCs of a healthy individual vaccinated with tetanus toxoid. 
The human CD4 + T-cell clone BOY JF161 was obtained from CD4+ T cells 
isolated from a skin biopsy taken from a healthy donor following 
sensitization and challenge with dinitrochlorobenzene. 25 

Retrovirus-mediated hTERT transduction in T cells and 
monitoring of cell growth 

CD4 + or CD8+ T cells were stimulated with PHA (Gibco) and irradiated 
allogeneic mononuclear feeder cells prior to transduction. T cells were 
transduced with retroviral supernatant using 24-well plates coated with 
fibronectin fragments as described. 16 - 27 CD4 + T-cell clone MoT-72 was 
transduced on day 2 after stimulation followed by a second transduction 
overnight with retrovirus encoding DN-hTERT (Asp7I2Ala, Val713Ile)- 
GFP, full-length hTERT-GFP, or control GFP only. Transduction efficiency 
ranged from 15% to 35%. The bulk of transduced and untransduced cells 
was cultured by weekly stimulation with a feeder cell mixture consisting of 
irradiated allogeneic PBMCs (40 Gy), the Epstein-Barr virus (EBV) B-cell 
line JY (80 Gy), 100 ng/mL PHA and 40 U/mL rhIL-2 for 4 months. 28 All 
cultures were maintained under equal conditions and the number of 
population doublings was calculated weekly. The percentage GFP-positive 
cells in the bulk cultures of DN-hTERT (Asp712AIa, Val7l3Ile)-GFP, 
full-length hTERT-GFP, or control GFP-transduced cells and untransduced 
cells was measured weekly by FACS analysis. Polyclonal T cells, as well as 
CD8+ T-cell clones obtained by fluorescence-activated single cell sorting 
(FACStar Plus; Becton Dickinson) were transduced with the DN-hTERT 
(Asp868Ala, Asp869AIa), full-length hTERT, or control GFP-encoding 
retrovirus. These retroviruses were all produced as GALV envelope 
pseudotyped retrovirus. The transduction procedure was repeated on 2 
consecutive days. The efficiency of transduction ranged from 1 % to 40%. 
After transduction, cells were expanded for 5 to 6 days and then sorted for 
GFP expression. DN-hTERT (Asp868Ala, Asp869Ala)-GFP, full-length 
hTERT-GFP, or control GFP-positive cells were mixed with untransduced T 
cells in a 50%:50% ratio and cultured for 55 to 65 days. The percentage of 
GFP-positive cells was measured during the culture to estimate the 
expansion of the DN-hTERT (Asp868Ala, Asp869Ala)-expressing cells 
compared with untransduced T cells. 

Limiting dilution of GFP-positive cells of clone MoT-72 transduced 
with DN-hTERT (Asp7 1 2Ala. Val71311e)-GFP, full-length hTERT-GFP, or 
control GFP was performed by FACStar Plus (Becton Dickinson) in 100-, 
30-, 10-, 3-, or 1-cell-per-well densities in round-bottom 96-well plates. 
Sorted cells were cultured by biweekly stimulation with the feeder cell 
mixture and rhIL-2 until growing cultures were visible for cloning 
efficiency determination. The cloning efficiency was calculated as follows: 
in a negative linear regression curve, the number of cells seeded per well 
(x-axis) was plotted as a function of the fraction of negative wells (y-axis). 
The x-value corresponding to a y- value of 0.37 was determined from the 
graph and indicates the number of cells of which one cell grew out as a 
clone. This value was recalculated as a percentage indicating the cloning 
efficiency. Subclones were analyzed for GFP expression and cultured by 
weekly stimulation with the feeder cell mixture and rhIL-2. 

TRAP assay 

Telomerase activity was measured by the telomeric repeat amplification 
protocol (TRAP) assay using an end-labeled telomerase substrate (TS) 
primer as described. 21 ' DN-hTERT (Asp868Ala, Asp869Ala)-GFP, hTERT- 
GFP, or control GFP-transduced T cells were sorted 5 days after transduc- 
tion and cell extracts were obtained from 1 X I0 5 T cells stimulated with 
1 n-g/mL PHA, 100 U/mL rhlL-2. and irradiated feeder cells for 2, 4, or 6 
days. Cells of the erythroid- myeloid cell line K562 were tested as a positive 
control cell line for telomerase expression. Control cultures containing 
feeder cells only were tested to exclude the presence of telomerase activity 
in the irradiated feeder cells. Elongation of the TS primer by telomerase was 
performed at room temperature for 30 minutes, and the products were 
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amplified by 30 cycles of polymerase chain reactions (PCR) at 95°C for 60 
seconds, 50°C for 45 seconds, and 72°C for 60 seconds using the anchored 
return primer. The amplified products were resolved on a 12% polyacryl- 
amide gel and visualized by a phosphoimaging system (Storm 820; 
Molecular Dynamics, Sunnyvale, CA). 

RT-PCR 

CD4 + T-cell clones were stimulated with anti-CD3 mAb SPV-T3b 30 and 
anti-CD28 mAb B-T3 (a kind gift from Dr John Wijdcnes. Diaclone, 
Besancon, France) in the presence of 20 U/mL rhIL-2. Cell pellets of 10 3 
cells were snap frozen at day 0, 1,3, 5, 7, and 11. RNA was isolated from 
the cell pellets using the RNAeasy kit (Qiagen, Crawley. West Sussex, 
United Kingdom) and eluted in a volume of 50 p.L. RNA (12 p,L) was 
transcribed into cDNA using Superscript II reverse transcriptase (GIBCO- 
BRL, Life Sciences; Breda, The Netherlands) according to the manufacturer's 
protocol. PCR reactions were performing using primers 5'-GACACAAA- 
C ATG ATTC A A ATCCCTG A-3 ' and 5 '-TATGG AC AGG ACTG A ACGTCT- 
TGC-3' to detect hypoxanthine-guanine phosphoribosyltransferase (HPRT) 
expression for cDNA quantification. Endogenous hTERT expression was 
detected by primer hTERT 3, 5'-CCTCAGACTCCCAGCGGTGC-3\ 
which anneals in the nont ran slated region of hTERT mRNA that is absent in 
the ectopic hTERT construct in combination with primer hTERT 5, 
5'-CTGCAGGCGTACAGGTTTCACG-3'. PCR reactions of primer hTERT 
5 and primer IRES 3, 5'-GAGAGGGGCGGAATTTACGTAG-3\ which 
anneals to the IRES sequence present in the hTERT retroviral construct, 
were used to detect ectopic hTERT expression. PCR reactions were run at 
94°C for 4 minutes followed by 30 cycles of 94°C for 30 seconds, 68°C for 
30 seconds, and 72°C for I minute. For endogenous hTERT detection 35 
cycles were run to detect low levels of hTERT expression. PCR reactions 
specific for c-myc were performed using primers, 5'-TCGGATTCTCT- 
GCTCTCCTC-3' and 5'-TTCCGCAACAAGTCCTCTTC-3\ and run in 
parallel with HPRT PCR reactions at 94°C for 4 minutes followed by 30 
cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30 
seconds. PCR products were visualized on a 1.5% agarose gel by ethidium 
bromide staining. PCR product bands were quantified relative to HPRT 
expression using the Phoretix ID Advanced imager software (Nonlinear 
Dynamics, Newcastle upon Tyne, United Kingdom). PCR reactions were 
performed on serial 2- fold dilutions of the cDNA samples. Relative levels 
of gene expression were calculated from the linear part of the dilution 
curve, normalized to the HPRT expression level. 

Real-time PCR 

PBMCs from 3 donors were incubated with PE-conjugated anti-CD27 
mAbs (Becton Dickinson) and Cy-5-conjugated anti-CD45RA mAbs 
(Becton Dickinson), washed, and CD27+CD45RA + (naive) and 
CD27 + CD45RA" (memory) T cells were sorted by fluorescence-activated 
cell sorting. Sorted cells, which were of more than 95% purity and consisted 
of equal numbers of CD28 + T cells, were stimulated with anti-CD3 and 
anti-CD28 mAb-coated beads (Dynabeads CD3/CD28 T-cell expander; 
Dyna!, Oslo, Norway) and 20 U/mL rhIL-2 or cultured in rhIL-2 alone for 2 
days, and snap frozen at — 80°C as pellets of 2 X 10 s cells. RNA was 
extracted from the cells using the RNAeasy kit and eluted in a volume of 50 
p.L. RNA (11 u,L) was transcribed into cDNA by 5 U/uX reverse 
transcriptase (Superscript II; Invitrogen, Breda, The Netherlands) using 
12.5 u,M random hexamers (Applied Biosystems, Foster City, CA), in the 
presence of 1 mM deoxynucleoside triphosphates (dNTPs), 0.0 1 M 
dithiothreitol (DTT), and 1 U/u.L RNAse inhibitor (Applied Biosystems), in 
a volume of 40 u.L. Per reaction, 5 (xL cDNA was amplified in a Sequence 
Detector (Perkin Elmer, Norwalk, CT) using 5' primer 5 ' -TTTTCTA CCG - 
G A AG AGTGTCTGG-3 ' , 3' primer 5'-GCTTCCCGATGCTGCCT-3', and 
carboxyfluorescein (FAM; Applied BiosystemsHabeled probe 5'-TTG- 
CAAAGCATTGG AATCAGACAGC ACT-3' for hTERT detection. hTERT 
PCR reactions were run in triplicate. Expression of the housekeeping genes, 
human TATA box-binding protein (TBP), glyceraldehyde phosphate dehy- 
drogenase (GAPDH), and B-actin (Applied Biosystems) were tested in 
duplicate on the cDNA samples. Expression of the housekeeping gene 
porphobilinogen deaminase (PBGD) was tested using 5' primer 5'- 



AC G ATCCCG AG ACTCTGC-3 ' , 3' primer 5'-GCACGGCTACTGGCA- 
CACT-3', and VIC-labeled probe 5 '-CCTG AGGCACCTGGA AGG AG- 
GCTG-3' (kindly provided by C Bosch and Dr E. Robanus-Maandag, The 
Netherlands Cancer Institute, Amsterdam). A 10-fold dilution range of 
cDNA obtained from the telomcrase-ex pressing B-cell line JY was tested in 
duplicate to define a standard curve for the expression level. Standard 
curves were linear with a correlation coefficient higher than 0.998 and a 
negative slope of more than 3.5 to ensure reliable quantitative amplification 
detection. Gene expression of the samples was analyzed in the linear range 
of the amplification plot using the Sequence Detector System software 
(Perkin Elmer) and expressed as a value relative to the standard curve. 

Telomere analysis by quantitative FISH 
on metaphase chromosomes 

Cloned CD4 + T lymphocytes that had undergone approximately 24 PDs 
were transduced with DN-hTERT (Asp868Ala, Asp869Ala)-GFP, full- 
length hTERT-GFP, or control GFP. Cells of an approximate age of 45 PDs 
were stimulated with I u.g/ml PHA, 100 U/ml rhIL-2, and 0.5 X lOVmL 
irradiated allogeneic feeder cells for 4 to 5 days before addition of colcemid 
for I hour. Cells were then treated with hypotonic KC1 for 50 minutes at 
37 °C and fixed in methanol-acetic acid. Quantitative fluorescence in situ 
hybridization (Q-F1SH) on metaphase chromosomes was performed with 
Cy-3-labeled (CCCTA A) 3 PN A probe and subsequent quantitative analysis 
of digital images as previously described. 31 - 12 Briefly, slides were observed 
with an Axioplan microscope (Zeiss, Thornwood, NY) equipped with a 
charged coupled device (CCD) camera. Separate images were captured for 
DAP1 (4,6 diamidino-2-phenylindoIe) and Cy-3 and subjected to telomere 
fluorescence measurements using TFL-Telo software. 33 Metaphases were 
analyzed for the presence of chromosomal abnormalities, such as dicentric 
chromosomes, and for the number of detectable telomeres per chromosome. 
Individual telomere length was quantified by the level fluorescence 
intensity of each telomere spot, expressed in telomere fluorescence 
units (TFUs). 



Results 

Dominant-negative hTERT expression decreases the lifespan 
of human CD4 + T cells 

We tested the contribution of endogenous hTERT lo the lifespan of 
human T cells by expression of 2 different DN mutants of the 
hTERT gene, DN-hTERT (Asp868Ala, Asp869Ala) and DN- 
hTERT (Asp712Ala, Val713Ile), which both inhibit telomerase 
activity in tumor cells. 21 22 In human polyclonal T cells isolated 
from PBMCs and transduced with DN-hTERT (Asp868Ala, 




Figure 1 . Inhibition of telomerase activity by ectopic DN-hTERT expression. 
Telomerase activity in a culture of polyclonal T cells isolated from donor PBMCs 
transduced with DN-hTERT (Asp868Ala, Asp869Ala)-GFP, hTERT-GFP, or control 
GFP after 2, 4, and 6 days ot stimulation. Telomerase activity was detected in control 
GFP-transduced cells 2 lo 4 days after stimulation and was absent in the DN-hTERT- 
transduced cells. In hTERT-transduced cells telomerase activity was present at all 
time points analyzed. Each lane shows the telomerase activity present in 2000 cells 
analyzed by the TRAP assay. K562 cells were tested as a positive control for 
telomerase activity. Results are representative ot 3 experiments. 
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Figure 2. Dominant-negative hTERT-transduced T cells disappear early from bulk 
cultures. (A) Human pofycbnaJ CD4 ♦ T cells transduced with either DN-hTEHT (AspBSSAIa, 
Asp869Ala)-GFP (•), hTERT-GFP (O), or control GFP (A) were mixed with untransduced 
cells in a 50%:50% ratio and cultured in parallel tor 53 days to Determine the lifespan 
compared with the untransduced T cells. The graph shows the percentage of GFP-positive 
cells during the culture. Results are representative of 3 experiments. (B) CD8 + T-cell done 
transduced and cultured as described in panel A. Results are representative of 2 
experiments. (C) CD4" T-ce!l clone MoT-72 was transduced with either DN-hTERT 
(Asp71 2Ala, Val713lle)-GFP (•), hTERT-GFP (O), or control GFP (A), and the percentage 
of GFP-positive ceOs was measured weekly during the culture. The graph shows the 
percentage GFP-positive ceDs during the culture. Transduction efficiencies at the onset of 
the cultures were as follows: hTERT-GFP, 20%; GFP control, 35%; and DN-hTERT-GFP, 
1 5%. Results are representative of experiments with 6 different CD4* T-cell clones. Panels 
A-C show that in both CD4* and CD8 + T-cefl cultures, ectopic expression of DN-hTERT 
decreased the lifespan compared with untransduced T cefls. (D) Cumulative number of 
population doublings of the untransduced GFP-negative cells in the mixed culture 
containing DN-hTERT (•) or GFP-transduced T cells (A). The graph shows that the 
untransduced T cells were growing equally well in both mixed cultures, indicating that the 
decrease in percentage DN-hTERT-GFP-expressing T cells in DN-hTERT-GFP- 
transduced cultures was not due to an enhanced proliferation of the untransduced T cells 
compared with untransduced T cells in the control GFP-transduced cultures. 

Asp869Ala)-GFP, hTERT-GFP, or the empty vector-encoding 
GFP only, the telomerase activity upon stimulation was reduced in 
DN-hTERT-transduced cells compared with control GFP-trans- 
duced cells (Figure 1). Polyclonal CD4 + T cells that had been 



cultured for a short period of time before transduction with 
DN-hTERT (Asp868Ala, Asp869Ala)-GFP were cultured in a 
50*7o:50% ratio with untransduced cells and the percentage of 
GFP-expressing cells was measured during the culture (Figure 2 A). 
The percentage of DN-hTERT-GFP-positive cells decreased over 
time during the culture and disappeared from the culture within 30 
to 50 days, demonstrating that these cells did not expand and died 
earlier than the untransduced cells in the same culture. Similar 
results were obtained in experiments of cloned CD8 + cells 
transduced with DN-hTERT-GFP, indicating that DN-hTERT 
expression also led to early death of cells of an at least 20-PD 
higher replicative age acquired during T-cell cloning (Figure 2B). 
In control cultures of cells transduced with the empty GFP- 
containing vector, the percentage of GFP-positive cells did not 
change over time. In contrast, hTERT-GFP-transduced cultures 
showed an accumulation of cells expressing the hTERT-GFP gene. 
The limiting effect of DN-hTERT expression on the lifespan of 
human T cells was confirmed with a second DN mutant of the 
hTERT gene, DN-hTERT (Asp712AIa, Val713Ile), expressed in 
the CD4 + T-cell clone MoT-72. MoT-72 cells transduced with 
DN-hTERT (Asp7 1 2Ala, Val7 1 3Ile)-GFP, were cleared from mixed 
cultures of transduced and untransduced cells within 75 days 
(Figure 2C). These results indicate that, compared with untrans- 
duced or control GFP-transduced T cells, expression of a dominant- 
negative mutant of the hTERT gene confers a growth disadvantage 
in both CD4+ and CD8 + T cells. 

The observed growth disadvantage following DN-hTERT expres- 
sion was further investigated by limiting dilution experiments of 
sorted DN-hTERT (Asp712Ala, Val713Ile)-GFP expressing cells. 
In 2 independent experiments, the efficiency of subcloning DN- 
hTERT (Asp712Ala, Val713IIe)-GFP-transduced cells of clone 
MoT-72 was lower than the subcloning efficiency of untransduced 
cells (Table 1), or cells transduced with hTERT-GFP, indicating 
that many DN- hTERT-transduced T cells could not expand another 
20 PDs in culture to establish a subclone. The few subclones that 
were obtained from the cloning of DN-hTERT (Asp712Ala, 
Val71 3 Ile)-GFP-ex pressing cells all died soon after cloning at 
lower population doublings than control GFP-transduced sub- 
clones. No GFP-negative clones were obtained in any experiments. 
Since the DN-hTERT-ex pressing subclones expressed low levels 
of GFP, these subclones had probably arisen by selective outgrowth 



Table 1. Subcloning efficiency of DN-hTERT (Asp712Ala, Vat713lle)-GFP, hTERT-GFP, or control GFP-transduced MOT-72 CP4+ T cells 

MOT-GFP DN-hTERT-GFP hTERT-GFP 

Cells/welt Clones* % total Clones* % total Clones* 



Experiment 1 

100 48/48 100 

30 40/48 83 

10 14/48 29 

3 9/48 19 

1 5/96 5 

Cloning efficiency, % 4.4 NA 
Experiment 2 

100 34/48 70 

30 11/48 23 

10 0/48 0 

3 1/48 2 

1 0/96 0 

Cloning efficiency, % 1 .2 NA 



35/40 87 48/48 100 

13/40 33 41/48 85 

1/48 2 8/48 17 

1/48 2 1/48 2 

2/96 2 8/96 8 

1.7f NA 4.2 NA 

27/48 56 47/48 98 

6/48 13 25/48 52 

2/48 4 6/48 13 

0/48 0 3/48 6 

0/96 0 0/96 0 

0.8f NA 2.7 NA 



NA indicates not applicable. 

'Number ot wells with growing cells/total number of wells seeded, 
t All clones died shortly after cloning. 
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Figure 3. Subclones of DN-hTERT-transduced T cells display lower DN-hTERT 
gene expression. The level of GFP expression is decreased In DN-hTERT-GFP- 
transduced clones. Two clones isolated from limiting dilution ol MoT-72 transduced 
with DN-hTERT (Asp712Ala, Val713lle)-GFP (top middle and top right), displayed a 
lower GFP expression than the average GFP level expressed by the bulk culture right 
after transduction (top left). Graphs are representative of the GFP expression by all 
DN-hTERT clones obtained. All DN-hTERT (Asp712Ala, Val713Ue)-GFP-express- 
ing clones died after cloning. The GFP expression remained high in clones isolated 
from cloning of MoT-72 transduced with hTERT-GFP (bottom middle and bottom 
right). This level of GFP expression was equal to the GFP expression level after 
transduction (bottom left). Graphs are representative of 16 hTERT-GFP-expressrng 
clones analyzed. 

of cells with a relatively low transgene expression, in which 
inhibition of endogenous telomerase activity is less efficient 
(Figure 3). Thus, cells with higher levels of GFP and DN-hTERT 
expression had selectively disappeared from the cultures at earlier 
time points. In contrast, all subclones obtained from hTERT-GFP or 
control GFP-transduced cells expressed GFP at levels comparable 
to those right after transduction, indicating that, in these cultures, 
cells with a high level of GFP expression had no selective 
disadvantage during cloning (Figure 3). 

Cytogenetic abnormalities fn DN-hTERT-transduced cells 

Next, we studied the effect of endogenous telomerase inhibition on 
chromosomal stability and telomere length by Q-F1SH (Tables 2 
and 3; Figure 4). For this purpose, we transduced the progeny of a 
single CD4 + T cell with retroviral vectors containing GFP, 
GFP-hTERT, or GFP-DN (Asp868Ala, Asp869Ala)-hTERT. Fig- 
ure 4 shows preparations of metaphase chromosomes of sorted 
GFP-positive cells hybridized with Cy-3-labeled (CCCTAA) 3 
peptide nucleic acid probe specific for telomeric DNA. Metaphase 
chromosomes of cells that were transduced with the GFP-DN 
(Asp868Ala, Asp869Ala)-hTERT display a higher frequency of 
chromosomes without detectable telomeric DNA than those in 
control GFP-transduced cells. On average, only 3.5 telomeres were 
detectable per chromosome in DN (Asp868Ala, Asp869Ala)- 
hTERT-transduced cells, whereas all 4 telomeres per chromosome 
were detected on most chromosomes in control GFP-transduced 
cells or hTERT-transduced cells (Tables 2-3). Expression of 
DN-hTERT significantly decreased the number of detectable 
telomeres per chromosome compared with control GFP-transduced 
cells (P < .001) or with hTERT-GFP-transduced cells (P < .001; 
Table 3). 

In addition, several dicentric chromosomes were observed in 
the GFP-DN (Asp868Ala, Asp869Ala)-hTERT-transduced cells, 
which were absent in the GFP- or hTERT-GFP-transduced cells. 
No telomeric DNA was detected at the junction site in the dicentric 
chromosomes. The chromosome fusions observed in GFP-DN 
(Asp868AIa, Asp869Ala)-hTERT-transduced cells involved fu- 
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sions of chromosomes 1 , 7, and 6 with chromosome 20, 22, and 10, 
respectively (Figure 4; Table 2). Q-FISH analysis revealed that the 
average length of the telomeres in DN (Asp868Ala, Asp869Ala)- 
hTERT-GFP-transduced cells was comparable to control GFP- or 
hTERT-GFP-transduced cells. Strikingly, Q-FISH analysis also 
revealed that DN-hTERT expression increased the frequency of 
very short telomeres that are undetectable by in situ hybridization 
(Figure 5). Most likely some of the chromosomes with undetect- 
able telomere repeats in DN-hTERT expressing cells underwent 
chromosome end-to-end fusions. The observation that inhibition of 
endogenous telomerase activity did not lead to a decrease in the 
average telomere length, but instead to an increase in the number of 
undetectable telomeres and to the occurrence of chromosome 
fusions, suggests a role of endogenous telomerase activity in the 
repair of critically short telomeres rather than in mediating 
telomere elongation in all chromosomes. 

Activation-Induced endogenous hTERT expression in human 
T cells decreases with age 

The results described here indicate that endogenous hTERT 
expression is important for the survival of human T cells, raising 
the question as to why this is not sufficient to confer immortality to 
the T cells. One possibility is that the limited lifespan of T cells 
might result from a decrease in the expression of the telomerase 
complex. We therefore determined the endogenous hTERT expres- 
sion levels in T cells of different replicative age by comparing the 
up-regulation of endogenous hTERT expression in early cultures 
with that in long-term-cultured T cells. 

To determine variations in the expression of endogenous 
hTERT in long-term cultures of hTERT-transduced cells, we 
developed an RT-PCR analysis using sets of primers that discrimi- 
nate between endogenous hTERT and transduced hTERT expres- 
sion. In Figure 6A the expression of endogenous hTERT, 1 to 7 
days after antibody-mediated activation in an early culture of the 
CD4 + T-cell clone MoT-81 (20 PD), is shown. Both wild-type and 
hTERT-transduced MoT-81 cells with identical replicative age 
show hTERT expression one day after stimulation, which is no 
longer detectable after 5 days. Furthermore, these results show 
that ectopic hTERT expression did not affect the up-regulation 
of endogenous hTERT expression following TCR/CD3- 
mediated activation. 

In contrast, in a long-term culture of an hTERT-transduced 
clone that had undergone more than 60 PDs after its generation, no 
endogenous hTERT could be detected (Figure 6B). Wild-type cells 
at an earlier time point (36 PDs) of culture were still able to induce 
endogenous hTERT expression one day after stimulation with 
anti-CD3 and anti-CD28 monoclonal antibodies (Figure 6B). Both 
wild-type and hTERT-transduced cells proliferated extensively 
following stimulation (data not shown), excluding the possibility 
that the absence of endogenous hTERT expression in the latter cells 
was due to the lack of T-cell activation. Taken together, these 



Table 2. Chromosomal abnormalities in dominant-negative 
hTERT-transduced CD4+ T cells 



DNA construct 






used forCD4 + 




No. of metaphases with 


T-cell transduction 


No. of metaphases analyzed 


dicentric chromosomes 


GFP 


28 


0 


DN-hTERT-GFP 


16 


3' 


hTERT-GFP 


20 


0 



'Chromosome end-to-end fusions found: (lq;20q) (7p;22p) (6q:10p). 
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Table 3. Loss of detectable telomeres in dominant-negative hTERT- transduced CD4+ T cells 



ONA construct used for CD4 + 
T-cell transduction 


Metaphases 
analyzed 


Chromosomes 
analyzed 


Telomere spots* 


Mean no. of 
spots/chromosome 


SD 


Significance! 
compared with 
GFP 


GFP 


16 


735 


2818 


3.83 


0.11 


NA 


DN-hTERT-GFP 


16 


733 


2498 


3.42 


0.17 


<0.001 


hTERT-GFP 


16 


731 


2861 


3.91 


0.09 


0.038 



NA indicates not applicable. 

•Total number of telomere spots measured by Q-FISH. 

tSignlficance of the difference in numbers of detectable telomeres, compared with control GFP-transduced T cells, was tested in a Student ( test. 



results show that upon long-term culture, T cells lose the ability to 
increase endogenous hTERT expression upon activation. 

Next, we investigated what caused the decreased hTERT 
expression in long-term-cultured T cells. The c-myc transcription 
factor directly activates hTERT transcription by dimerizing with 
the Max protein and binding to E-box binding sites that are present 
in the hTERT promoter. 34 We analyzed c-myc expression upon 
activation by RT-PCR analysis with primers mat are specific for 
c-myc (Figure 7). In resting T cells from both long-term and 
short-term cultures, low levels of c-myc expression were detected 
(Figure 7 day 0). One day after stimulation with anti-CD3 and 
anti-CD28 mAbs, the c-myc expression in the relatively young T 
cells increased more than 70-fold compared with levels of c-myc 
expression in unstimulated cells (Figure 7A day 0), with a 
somewhat lower increase (27-fold) after 3 days (Figure 7A). In the 
long-term-cultured T cells of the same clone, one day after 
stimulation the activated cells expressed only 7 times more c-myc 
RNA than unstimulated cells (Figure 7B). Taken together, these 
results show that during long-term culture T cells have a strongly 
reduced capacity to up-regulate hTERT expression upon activation, 
which is correlated with a strongly reduced up-regulation of c-myc. 

The loss of hTERT expression upon activation may also occur 
upon expansion in vivo. Memory and effector T cells have 
expanded upon antigen encounter in vivo and on average have 
divided considerably more frequently than naive T cells of the same 
donor. We compared the level of hTERT expression upon stimula- 
tion in naive and memory cells isolated from donor PBMCs by 
quantitative real-time PCR. T cells were sorted by their expression 
of CD27 and CD45RA to isolate the CD27 + CD45RA + naive and 
CD27 + CD45RA" memory T-cell population. 35 The percentage of 
CD28-expressing cells in the sorted naive and memory T-cell 
population was identical in each donor, and comprised 80% to 90% 



(data not shown). Following stimulation with anti-CD3 and 
anli-CD28 antibodies, we observed an up-regulation of hTERT 
expression in both activated naive and memory T cells compared 
with the nonactivated cells. However, hTERT expression levels 
were lower in activated memory cells than in activated naive cells 
of the same donor (Table 4). These results suggest that expansion of 
T cells upon antigen encounter in vivo may eventually result in a 
lower hTERT expression upon activation. 



Discussion 

We report here that endogenous telomerase activity plays a role in 
regulating the lifespan of human T cells. Blocking endogenous 
telomerase activity by ectopic expression of either the DN-hTERT 
(Asp712Aala, Val713Ile) or the DN-hTERT (Asp868Ala, 
Asp869Ala) mutant of the hTERT gene was shown to shorten the 
lifespan of both short-term- and long-term-cultured CD4 + T cells 
and CD8 + T cells. The observation that endogenous telomerase 
does not confer immortality to human T cells might imply that 
endogenous telomerase is not involved in lifespan regulation. 
However, our results indicate that this assumption is incorrect, 
since inactivation of endogenous telomerase resulted in a shortened 
lifespan. Our observation that upon in vitro culture T cells 
progressively lose their capacity to up-regulate hTERT expression 
upon in vitro culture suggests that, upon aging, levels of endoge- 
nous telomerase are increasingly insufficient to maintain telomere 
length of more than a few short telomeres. Importantly, memory T 
cells were found to express less hTERT upon activation than naive 
cells from the same donor, indicating that a loss of hTERT 
up-regulating ability may also occur in vivo. 



OtCRHIfic 

Chromosome 




hTERT-GFP 



DN-hTERT-GFP 

(DS66A.D869A) 



Figure 4. DN-hTERT-transduced cells show chromosomal abnormalities. 
Q-FISH analysis of metaphase chromosomes isolated from human CD4* T cells that 
have undergone approximately 45 PD and were transduced with DN-hTERT 
(Asp868AJa, AspS69Ala)-GFP or hTERT-GFP at approximately 24 PD. Telomeres 
are visualized in yetlow by hybridization with Ihe Cy-3-labeled (CCCTAA) 3 PNA 
probe. The arrow indicates a dicentric chromosome found in DN-hTERT (Asp868Ala, 
Asp869Ala)-GFP-transduced ceBs. Results are representative of 16 metaphases of 
DN-hTERT-transduced cells and 20 metaphases of hTERT-transduced cells analyzed. 
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Telomere Fluorescence (TFU) 

Figure 5. Telomere length analysis of human CD4 + T cells transduced with 
DN-hTERT. Graphs show the quantification of individual telomere length expressed 
as the distribution of TFUs of Q-FISH telomere analysis of metaphase chromosomes 
from human CD4 + T cells that have undergone approximately 45 PD and were 
transduced with DN-hTERT (Asp86BAIa, AspB69Ala)-GFP, hTERT-GFP, or control 
GFP. Analyses were performed on 16 metaphases of DN-hTERT (Asp868Ala, 
Asp669Ala)-GFP-transduced CD4 + T cells, 20 metaphases of hTERT-GFP- 
transduced cells, and 23 metaphases of GFP-transduced cells. The average 
telomere fluorescence of individual chromosome ends was calculated to be 1 .35 TFU 
for DN-hTERT (Asp868Ala, Asp869Ala)-GFP-transduced celts, 1 .92 TFU forhTERT- 
GFP-transduced cells, and 1 .60 TFU for control GFP -transduced cells. 
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Figure 6. Expression of endogenous hTERT upon stimulation during culture. 
(A) Wild-type MoT-61 cells and hTERT-transduced cells of identical age were 
stimulated with anti-CD3 and antf-CD28 mAbs, and the expression of endogenous 
hTERT at day 0, 1, 3, 5, 7, and 11 was determined by RT-PCR. Ail samples were 
tested for HPRT expression to check for equal amounts ol RNA. (B) RT-PCR analysis 
of endogenous and ectopic hTERT expression in wild-type BOY JF161 cells after 
approximately 36 PD and in hTERT-GFP-transduced cells after more than 60 PD. 

T cells that had been transduced with DN-hTERT showed a loss 
of detectable telomeres at many chromosome ends and a high 
frequency of dicentric chromosomes. The observed chromosome 
fusions and chromosome ends without detectable telomeric DNA 
are similar to the type of abnormalities seen in various cells from 
late generations of the telomerase mTERC knock-out mice. 36 The 
dramatic effect of telomerase inhibition on some, but not all, 
telomeres is compatible with a role of endogenous telomerase in 
the repair of sporadic telomere attrition. One possibility is that 
telomerase is essential for the repair of telomeric DNA following 
damage by oxygen radicals. 37 " 38 It has been shown that G-rich 
telomeric DNA is particularly vulnerable to oxidative stress, 39 - 40 
and it has been proposed that such damage is the primary cause of 
telomere attrition in human cells. 4 ' Our results suggest that while 
endogenous telomerase may be essential to repair sporadic telo- 
mere shortening, overall telomere shortening and replicative senes- 
cence is not prevented. 

One explanation is that endogenous telomerase levels are 
simply insufficient to deal with more than a few critically short 
telomeres, resulting in a net telomere loss that increases gradually 
over time. The observation that ectopic expression of hTERT 
immortalizes human T lymphocytes' 31 4 indicates that increased 
levels of hTERT expression contribute to longevity in T cells. 
Moreover, the telomerase activity upon hTERT expression may 
depend on phosphorylation and nuclear translocation of the hTERT 
protein. 42 Another possibility is that broken ends (perhaps follow- 
ing some processing event) are better substrates for telomerase than 
natural chromosome ends that may be folded into a T loop, 43 which 
is underscored by the recently described possible differences in the 
processing of telomeres. 44 Furthermore, the ability of T cells to 
up-regulate hTERT expression upon activation may decrease over 
time, resulting in accelerated telomere erosion in aged T cells 45 

Our results strengthen the observation of Weng et al 45 of a 
progressive decrease in telomerase activity at each sequential 
stimulation in a polyclonal culture of human CD4 + T cells. The loss 
of telomerase expression upon activation may also occur upon 
extensive expansion of T cells in vivo. We have shown that 
memory T cells express lower levels of hTERT when activated ex 



vivo than naive T cells of the same donor. This decrease in hTERT 
up-regulation correlates with the greater replicative history of 
memory T cells compared with naive T cells. However, Weng and 
coworkers 20 reported that activation-induced telomerase activity in 
polyclonal CD4 + or CD8 + T cells did not decrease with the donor 
age, whereas the average telomere length was shorter in older 
individuals. This suggests that donor age may not reveal the 
differences in replication of the entire CD4 + or CD8 + T-cell 
population and that variations in telomerase expression may be 
more evident between T-cell populations within the same donor. 
The same authors also reported comparable levels of telomerase 
activity in activated CD45RA* naive and CD45RO + memory T 
cells. 46 It cannot be excluded, however, that CD45RA + effector 
cells were present in the naive T-cell fraction, which may have a 
lower level of telomerase induction. We have observed that the 
total CD45RA + cell fraction in donor PBMCs contained up to 50% 
CD45RA + CD27" effector cells. Therefore, contaminating effector 
cells may have lowered the average telomerase level that was 
detected in the CD45RA + T-cell population and thereby may have 
concealed possible differences in telomerase activity between 
activated naive and memory T cells. Moreover, the effect of aging 
on the telomerase expression was also observed in T cells of 
patients with X-linked lymphoproliferative disorder, characterized 
by a primary immunodeficiency disease that leads to an inability to 
regulate the immune response to EBV. In these patients, the 
EBV-reactive T cells were found to have greatly reduced telomere 
lengths , as well as a reduced telomerase activity and proliferative 
capacity upon stimulation in vitro compared with EBV-reactive 
T cells of chronically infected control individuals (Dr A. Akbar, 
personal communication). 

The impaired hTERT expression may be caused by the reduced 
c-myc expression upon activation that we have observed in 
long-term-cultured T cells, since hTERT is a direct target for 
c-myc. 47 * 49 Strikingly, c-myc expression levels of activated T cells 
of humans of old age is decreased compared with those in young 
donors and coincided with a reduced proliferative capacity. 50 
Transcription of hTERT is tightly regulated by c-myc, by other 
activators of transcription such as Spl and estrogen, as well as by 



A 
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Figure 7. Expression of c-myc upon activation. BOY JF161 T cells (after 
approximately 36 PD, A) and long-term-cultured BOY JF161-TERT T cells (after 
more than 60 PD, B) were stimulated with anti-CD3 and ant»-CD28 mAbs, and c-myc 
expression was determined at day 1 and day 3 after stimulation. Day 0 indicates 
unstimulated cells, c-myc and HPRT PCR reactions were run in parallel on a 1:2 
dilution range of the cDNA samples as indicated by the triangles above the lanes. The 
increase in c-myc expression after activation relative to unstimulated cells (day 0) 
was quantified by comparing the relative peak intensity of c-myc PCR products at 
equal intensity of HPRT amplification. 
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Table 4. Real-time PCR analysis of hTERT expression upon activation in freshly isolated naive and memory T cells 












Fold increase in 


hTERT expression relative 


Donor 


T-cell population 


Nonstimulated 


Stimulated 


hTERT expression* 


to naive cellst 


1 


Naive 


0.075* 


8.474 


113.3 


1 


1 


Memory 


0.042 


2.051 


49.0 


0.43 


2 


Naive 


0.027 


3J289 


120.0 


1 


2 


Memory 


0.011 


0.889 


78.3 


0.55 


3 


Naive 


0.019 


1.014 


52.4 


1 


3 


Memory 


0.015 


0.616 


41.2 


0.79 



'Increase in hTERT expression upon activation. 
tUp-regulation ol hTERT expression relative to naive cells. 

Rvalues are corrected for the expression of the housekeeping gene human TBP in nonstimulated cells ol each population. 



repressors of hTERT transcription, such as Madl, WT1, p53, and 
MZF-2. 51 Aging of T cells may have an effect on more regulators of 
hTERT transcription, resulting in a decreased telomerase activity in 
older cells. The remarkable effect of inhibition and overex press ion 
of telomerase on T-cell growth indicates that telomerase levels in 
vivo are very tightly controlled. This conclusion is supported by the 
observation that individuals with a heterozygous defect in telomer- 
ase RNA suffer from dyskeratosis congenita, a rare genetic disorder 
typically resulting in early death form aplastic anemia, cancer, or 
immune deficiency. 52 
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Fc receptor-bearing accessory cells in humoral immunity. 



8-19 I Fc receptors activate natural killer cells to destroy antibody-coated 
targets. 

Surveillance of cell surfaces for foreign peptides signaling the presence 
(if intracellular infections is largely the province of cellular immune 
responses mediated by effector T cells. However, antibodies can be 
produced against viral proteins exprej>sed_ onjhe surface of ^infected 
itells, and cells bound. by sucj}_anjibodies can beTSlTe"3T)y^ 
non-T, non-B lvmphoid cell called a natural killer (lSnKrceI17Naturai 
killer cells are large lymphoid cells jvirtjp^ 

that make up a small fraction i of peripheral bio od iymphoid cells. These 
colls bear no knoWn antigen-specific receptors but are able to recog- 
nize and kill a limited range of abnormal cellsrThey were first' discov- 
ered because of Their ability to kill some tumor cells, but are now 
known to play an important part in innate immunity, as will be 
discussed in Chapter 9. 

Che destruction of antibody-coated target cells by natural killer cells is 
t ailed antibody-dependent cell-mediated cytotoxicity (ADCC) 

and is triggered when antibody bound to the surface of a cell interacts 
with Fc receptors on the natural killer cell (Fig. 8.30). NK^cells express 
the Fc ^ receptor FcyHIII ..(CD 16). FcyRIII recognizes the IgGl""afS"""lgG3 
subclasses and triggers cytotoxic attack by the NK cell on antibody- 
coated target cells by mechanisms exactly analogous to those we have 
encountered in cytotoxic T cells, involving the release of cytoplasmic 
granules containing perforin and granzymes. The importance of ADCC 
in defense agaihsf infection with bacteria or viruses has not yet been 
fully established. However, ADCC does represent yet another mecha- 
nism by which an effector cell lacking specificity for antigen could medi- 
an; antigen-specific functions by utilizing the recognitive capacity of 
antibody molecules engaged through an Fc receptor. 



Antibody: binds antigens . on, the 
surface of target cells 




Target cell dies by apoptosls 
and/or membrane damage : 



Fig. 8.30 Antibody-coated target cells can be killed by 
natural killer (NK) cells in antibody-dependent cell-mediated 
cytotoxicity (ADCC). NK cells are large granular non-T, non-B 
colls that have FcyRIII (CD16) receptors. When these cells 



encounter cells coated with IgG antibody, they rapidly kill the 
target cell. The importance of ADCC in host defense or tissue 
damage is still controversial. 
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Immortalization of Human CD8 + T Cell Clones by Ectopic 
Expression of Telomerase Reverse Transcriptase 1 

Erik Hooijberg, 2 * Janneke J. Ruizendaal, 2 * Peter J. F. Snijders, f Esther W. M. Kueter,* 
Jan M. M. Walboomers,* and Hergen Spits 3 * 

Replicative senescence of T cells Is correlated with erosion of telomere ends. Telomerase plays a key role in maintaining telomere 
length. Therefore, it is thought that telomerase regulates the life span of T cells. To test this hypothesis, we have over-expressed 
human telomerase reverse transcriptase in human CD8 + T cells. Ectopic expression of human telomerase reverse transcriptase 
led to immortalization of these T cells, without altering the phenotype and without loss of specificity or functionality. As the T cells 
remained dependent on cytokines and Ag stimulation for their in vitro expansion, we conclude that immortalization was achieved 
without malignant transformation. The Journal of Immunology, 2000, 165: 4239-4245. 



The ends of linear cukaryotic chromosomes, which are 
called telomeres, consist of DNA-protein complexes end- 
ing in a large duplex loop (1). They serve to maintain 
chromosomal integrity and prevent end-to-end fusion of the chro- 
mosomes. Telomere length is not constant over time. The telo- 
meric ends have a length of 5-15 kb in humans and shorten by 
50—100 bp per cell division in normal somatic cells (2, 3). When 
telomeric ends get too short, cells will enter a state of replicative 
senescence followed by crisis and cell death. Thus, telomere short- 
ening may prevent unlimited proliferation of human somatic tis- 
sues. Telomere shortening is counteracted by the ribonucleoprotein 
enzyme complex called telomerase, which has two key compo- 
nents, the telomerase reverse transcriptase (TERT) 4 and telomer- 
ase RNA, which is used as a template to elongate telomeric ends 
(for reviews see Refs. 4-6). The crucial role of human (h)TERT in 
maintaining telomeric length and subsequently of the replicative 
life span of cells has been demonstrated recently. It has been doc- 
umented that ectopic expression of hTERT, in cell types without 
endogenous expression of hTERT, led to elongation of the telo- 
meres and to an increased life span of foreskin fibroblasts, retinal 
pigment epithelial cells, and endothelial cells (7-9), indicating that 
hTERT by itself regulates the life span of these cell types. In other 
cases, however, ectopic expression of hTERT was not sufficient 
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and had to be accompanied by an inactivated Rb/pie^* 101 pathway 
to give similar effects in human mammary epithelial cells and fore- 
skin keratinocytes (10) 

A correlation between telomere shortening and life span has also 
been found in cells of the immune system. It was reported that the 
average telomeric length and the replicative potential are higher in 
naive T cells as compared with memory T cells from the same 
donor, in both CD4 + cells (1 1, 12) and CD8 + cells (13, 14). These 
findings are consistent with two ex vivo studies with peripheral 
blood leukocytes, indicating a correlation between the loss of telo- 
mere repeat fragments and the age of the donor (15, 16). Ongoing 
shortening of telomeres and subsequent induction of replicative 
senescence in cells of the immune system occur despite the pres- 
ence of endogenous hTERT in T and B cells (17, 18). The levels 
of telomerase activity in peripheral blood T and B lymphocytes are 
regulated at the level of hTERT transcription (19-22), but post- 
transcriptional mechanisms may also play an important role in the 
control of the function of the enzyme (23). Activation of T cells by 
strong stimuli like PMA and ionomycin (20), but also milder stim- 
ulation by a combination of CD3 and CD28 Abs (19, 24) or by the 
cognate Ag presented by the appropriate target cell (25), can in- 
duce a transient expression of telomerase. Recently, it was shown 
that telomerase is up-regulated and telomere length is preserved 
after virus-induced clonal expansion of CD8"*" T cells (26). Despite 
the endogenous expression and activation induced up-regulation of 
hTERT in subsets of human T cells, presumably resulting in main- 
tenance of replicative potential in vivo (18), Ag-spccific T cell 
clones cannot be expanded in vitro beyond 20—25 population dou- 
blings (PD; reviewed in Ref. 17). This finding raises the question 
whether the replicative life span of T cells is solely regulated by 
hTERT. This issue is investigated in the present study. 

We examined the effect of ectopic expression of hTERT on the 
life span of two CD8 + CTL clones, derived from a melanoma 
patient, which are specific for the Mart-1/Melan-A 27 _ 35) the Ty- 
rosinase 368 _ 37 6 epitopes, respectively, and restricted by FILA-A2. 
Ectopic expression of hTERT led to a dramatic extension of the 
life span of these T cell clones, without altering the phenotype, the 
specificity, and the function of the cells. T cells ectopic ally ex- 
pressing hTERT remained dependent on cytokines and Ag stimu- 
lations for their in vitro expansion. These findings indicate that 
constitutive expression of hTERT is necessary and sufficient to 
extend the life span of CD8**" memory T cells. 
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Materials and Methods 

Ce// ///ies 

The virus-producing cell line Phoenix, the melanoma cell line Mel-AKR, 
and the EBV-transformed B cell lines JY and EBV-AKR, were grown in 
medium consisting of Iscove's medium (Life Technologies B.V., Breda, 
The Netherlands) supplemented with 5-10% FCS (BioWhittaker, Verviers, 
Belgium), penicillin, and streptomycin (Boehringer Mannheim, Mann- 
heim, Germany). 

T cell blasts and T cell clones 

T cell blasts were prepared by incubation of 5 X 10 3 PBMC per ml in 
Yssel's medium supplemented with 1% normal human serum and 2 fig/ml 
PHA. T cell blasts and Ag-specific T cell clones were cultured as previ- 
ously described (27). Briefly, 3 X 10 5 cells/well were stimulated weekly 
with a mixture of 1 X 10* irradiated (80 Gy instead of the previously used 
30-50 Gy) allogeneic PBMC/ml and 1 X 10 s irradiated EBV-B cells (JY), 
supplemented with 100 ng/ml PHA and 20 IU/ml IL-2 (Chiron, Amster- 
dam, The Netherlands) in Yssel's medium. In some experiments, T cell 
clones were cultured with cytokines without weekly stimulations. The fol- 
lowing concentrations of cytokines were used: 20 IU/ml IL-2, 10 ng/ml 
IL-7 (PeproTech, Rocky Hill, NJ), and 10 ng/ml IL-1S (Peprotech). Cell 
cultures were kept in incubators at 37°C in humidified air containing 5% 

co 2 . 

Construction of the retroviral hTERT vector 

The full-length coding sequence of hTERT was isolated from pGRN145 
(kindly provided by Geron, Mcnlo Park, CA) as a 3.5-kb EcoBJ-Notl frag- 
ment The hTERT fragment was subsequently ligated into the polylinker of 
LZRS-linker-intemal ribosomal entry site-GFP (28). Correct cloning of 
hTERT was confirmed by restriction enzyme analysis. This construct des- 
ignated LZRS-hTERT-IRES-GFP was used to produce retroviral superna- 
tant as previously described (28, 29). As control, we used LZRS-poly linker- 
IRES-GFP. 

Transduction method 

The recombinant human fibroncctin fragments transduction procedure 
(RetroNectin; Takara, Otsu, Japan) was based on a method originally de- 
veloped by Hanenberg et al, (30) with the modifications described by 
Heemskerk et al. (28). T cells were prestimulated with PHA (31) or with 
a feeder cell mixture containing PHA and IL-2 for 32-48 h before trans- 
duction. Subsequently, the target cells were plated on RetroNectin-coated 
dishes (maximum 5 X 10 6 cells/petri dish with a diameter of 3 cm) in 0.5 
ml of complete medium mixed with 1 ml of thawed retroviral supernatant. 
Cells were cultured at 37°C for 6 h or overnight, washed, and transferred 
to 24-well culture plates (Falcon plastics; Becton Dickinson Labware, 
Mountain View, CA). The capability of hTERT retrovirus to induce te- 
lo me rase activity was determined in cultures of primary human keratino- 
cytes devoid of detectable telomerase activity (data not shown). 

Flow cytometric analysis 

CD2, CD3, CD4, CDS, CD25, CD27, CD28, CD38, CD45, CD45RA, 
CD45RO, CD54, CD69, CD80, anti-TCRa£, anti-HLA-DR, and anti- 
HLA-class I mAbs (all from Becton Dickinson) directly labeled with PE 
were used for flow cytometric analysis. HLA-A2 tetramers containing the 
Mart-1/Melan-A 27 _35, the Tyrosinase^ga-sTe* or the influenza-A^.^ 
epitope labeled with PE were prepared as previously described (28). 
Stained cells were analyzed using a FACScan (Becton Dickinson), and the 
data were processed with Cell Quest computer software. 

Chromium release assays 

Cytotoxicity of T cell clones was determined using a standard chromium 
release assay previously described (32). All assays were performed in the 
presence of a 50-fold excess of unlabeled IC562 cells to block nonspecific 
lysis of the target cells. The spontaneous release varied between 10 and 
25% of the maximum. SD of triplicate determinations never exceeded 10% 
of the mean. 

Measurement of telomerase activity and hTERT mRNA levels 

Cell lysates for analysts of telomerase activity were prepared from ~1 X 
10 6 cells using the CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-l- 
propanesulfonate) detergent lysis method as described before (33, 34). 
Briefly, cells were suspended in 50 fil lysis buffer. After homogenization, 
the suspension was placed on ice for 30 min. Subsequently, the cells were 
spun down at maximum speed in a microcentrifuge for 30 min at 4 °C. The 
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supernatant was transferred to a new tube and snap-frozen in liquid nitro- 
gen. The amount of protein was determined using the Bio-Rad protein 
detection kit (Bio-Rad Laboratories, Veenendaal, The Netherlands). From 
the resulting pellet, RNA was isolated using RNAzolB (Campro Scientific, 
Vcenendaal, The Netherlands) for subsequent hTERT mRNA analysis. 

Telomerase activity was determined in samples containing various 
amounts of protein (representative for 100—10,000 cells used) by the te- 
lomeric repeat amplification protocol (TRAP). The TRAPezc kit (Oncor, 
Gaithersburg, MD) was used according to instructions of the manufacturer. 
To determine the specificity of the assay, the protein samples were pre- 
heated for 10 min at 70° C to inactivate telomerase and tested in parallel 
experiments. No stepladder patterns were observed after this preheating 
step. Following separation of TRAP products on poly aery I amide gels, au- 
toradiography was performed overnight at — 80°C using intensifying 
screens. Relative telomerase activities were quantified by densitometric 
evaluation of the TRAP ladder bands relative to the corresponding internal 
controls. Semiquantitative RT-PCR for hTERT was performed essentially 
as previously described (34) except that 25 instead of 30 PCR cycles were 
run to ensure linearity of the amplification reaction. First-strand cDNA 
synthesis was performed on 100 eg of total RNA using antisense primers 
for both hTERT and the housekeeping gene snRNP Ul A in a single reac- 
tion. Subsequent RT-PCR for hTERT and snRNP U1A were performed in 
a single reaction as well, using primers previously described (34). Result- 
ing PCR products were run in duplicates on the same agarose gel and 
blotted to the same nylon membrane, followed by hybridization with ra- 
diolabeled hTERT and snRNP UlA-specific oligonucleotide probes, re- 
spectively. Signal intensities were measured after exposure of the hybrid- 
ized filters to a Phosphorlmagcr (Molecular Dynamics, Sunnyvale, CA). 
Relative levels of hTERT mRNA were calculated according to the follow- 
ing formula: intensity ratio hTERT/snRNP U1A. 

Telomere length assay 

For measurement of telomere length, genomic DNA was extracted from 
~ 1 .5 X 10 6 cells using the PureGene DNA extraction kit (Gentra Systems, 
Minneapolis, MN). Five micrograms of DNA were digested with Bgill 
(Boehringer Mannheim) and electrophoresed through a 0.7% agarose gel 
before Southern blotting. The blot was subsequently hybridized to a 
[y- 32 P]ATP end-labeled telomeric oligoprobe (TTAGGG) 4 . Autoradiogra- 
phy was performed for 5 days. To assess the median telomere length, the 
peak signal intensity was determined by Phosphorlmager analysis at a 
shorter exposure time to avoid problems of overexposure of the signal. 

Results 

Enhancement of expansion of human T cells upon ectopic 
expression of hTERT 

We introduced hTERT cDNA in a human CD8"*" T cell clone to 
test the effect of ectopic expression of hTERT on expansion and 
extension of the life span of human T cells. The T cell clone 
(AKR-IL7-clone no. 4) has been obtained after stimulation of 
patient- derived peripheral T cells with autologous melanoma 
cells genetically engineered to produce IL-7 (E. Hooijberg, J. J. 
Ruizendaal, and H. Spits, manuscript in preparation). This T cell 
clone is specific for the HLA-A2-restricted Mart-l/Melan-A 27 _ :J5 
epitope. After establishment of this T cell clone, the cells were 
cultured for 6-8 wk before transduction. In this period, the cells 
went through 2 PD per week, giving a total number of 12-16 PP. 

To address the question whether the introduction of hTERT had 
an effect on T cell expansion, we followed the expression of green 
fluorescent protein (GFP) upon further culturing of hTERT-IRES- 
GFP and control-GFP- transduced T cells. The level of GFP ex- 
pression in hTERT-IRES -GFP- transduced cells showed an expo- 
nential increase over time in two independent experiments with T 
cells from the same clone from different frozen batches (Fig. 1). In 
a period of 7 wk, the percentage of hTERT-IRES-GFP-positive 
cells increased from the initial 5% and 3%, respectively, measured 
5 days after retroviral transduction, to 95% on day 53 (Fig. 1). The 
percentage of hTERT-IRES-GFP-positive cells remained stable 
(~95%) for another period of 5 wk, after which this experiment of 
coculturing hTERT-rRES-GFP-positive and -negative cells was 
terminated. Based on weekly counting of the cells and the per- 
centages of GFP-positive and -negative cells, we calculated the 
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FIGURE 1. Boosted expansion of hTERT-transduced human T cells. T 
cells were transduced with a retrovirus containing hTERT-IRES-GFP or 
the marker gene, GFP, only. The T cell clone used here is a tumor-specific, 
CD8 + , HLA-A2-restricted clone recognizing the M art 1 /M e lanA 27 _ 3 3 
epitope. Indicated is the percentage of cells positive for the marker in T 
cells transduced with hTERT-IRES-GFP (■) or the control GFP only (O) 
over time (given in days). The cultures were stimulated with a feeder cell 
mixture every week. On day 32, the cells were sorted in a GFP-positive and 
a GFP-negative fraction for further studies. The result of a second hTERT- 
IRES-GFP transduction experiment with a different batch of T cells of the 
same clone is also indicated (□). 



average weekly expansion of hTERT-IRES-GFP -positive T cells 
and of the untransduced cells to be 10-fold (3 PD) and 5-fold (2 
PD), respectively. 

The higher expansion rate of hTERT-IRES-GFP transduced T 
cell fraction was not due to the retroviral-mediated gene transfer 
procedure or to the integration of the pro virus into the genome of 
the T cell clone. Transduction with GFP-only control virus led to 
expression of the marker in 1 2% of the T cells as measured 5 days 
after the transduction (Fig. 1). The level of GFP expression re- 
mained stable in this T cell culture for a period of 53 days, after 
which the cells went into crisis and died. Thus, the maximum 
number of PD of the control-transduced cells was 30—35, which is 
comparable to that of the untransduced cells of this clone (data not 
shown). These data indicate that retroviral transduction per se does 
not lead to enhanced expansion or extension of the life span of T 
cells. 

Extension of the life span of human T cells upon ectopic 
expression of hTERT 

The experiments shown in Fig. 1 strongly suggest that ectopic 
expression of hTERT results not only in an increased expansion 
but also in an extension of the life span of the cells. To obtain more 
information on the degree of life span extension of the hTERT- 
transduced eel Is , we performed subcloning experiments. The max- 
imum number of PD of established CD8" 1 ' human T cell clones is 
in the order of magnitude of 20—30 (for a review see Ref. 17), 
consistent with experiences in our lab. As mentioned above, the 
Mart- 1/M elan -A 27 _ 35 -specific T cells went through 12—16 PD as 
an established T cell clone before they were transduced with 
hTERT. On day 32 after the transduction, we sorted part of the 
hTERT-transduced cells into a GFP -positive and a GFP-negative 
fraction. These cells were cloned by single cell disposition using a 
FACStar 1 * 111 *. We observed growing cells in the wells seeded with 
cells from the GFP-negative fraction (12/480) and the GFP-posi- 
tive fraction (61/480). The clones derived from the positive frac- 



tion were, as expected, all GFP-positive, and the clones from the 
negative fraction were all negative for GFP (data not shown). All 
subclones, either GFP-negative or GFP-positive, were shown to be 
positive for staining with HLA-A2 tetramers containing the Mart- 
l/Mclan-A 27 _ 3S epitope, indicating that all subclones obtained 
were indeed derived from the same parental clone (data not 
shown). A second single cell cloning was performed with two 
randomly selected subclones from the GFP-positive pool and the 
two best growing clones from the GFP-negative pool. This cloning 
experiment only yielded subclones from the hTERT-IRES- GFP- 
positive T cell fraction (10/386 and 5/386). Three clones were 
isolated for further studies: All, D8, and F6 (all subclones from 
subclone no. 1 of clone AKR-IL7 no. 4). The finding that the 
hTERT transduced no. 4 CD8"*" T cell clone could be successfully 
sub cloned twice confirms the notion that ectopic expression of 
telomerase leads to a dramatic extension of the life span. 

Ectopic expression of hTERT in human T ceils does not alter 
Junctional and phenotypic characteristics 

After having established that ectopic expression of hTERT leads to 
an extended life span, we examined whether it affected the cell 
surface phenotypes, the specificities, and the functions of the trans- 
duced T cells. No differences between the original T cell clone and 
the hTERT-transduced subsubclones were found in the expression 
of any of the cell surface markers tested (Table I). It is of note that 
the original clone- as well as the hTERT-transduced T cells were 
negative for CD27 and CD28, and positive for CD45RO, which is 
the typical phenotype of memory T cells (35). 

To examine whether ectopic expression of hTERT affected the 
specificity of the T cells, we tested these four clones (wild type no. 
4, Al 1, D8, and F6) for binding of HLA-A2-Mart-I/Melan-A 27 _ 3J 
tetramers. Not only the original clone but also the three stained 
with the HLA-A2-Mart-]/Melan-A 27 _ 35 tetramers, but not with 
control tetramers (Fig. 1A). Consistent with this observation, the 
parental clone and the three hTERT transduced subsubclones lysed 
autologous melanoma cells, and peptide (Mart-1/Melan-A 27 _5 5 ) 
loaded EBV-B cells to the same extent (Fig. 2B). As expected, 
none of the clones lysed untreated EBV-B cells. 



Table I. Phenotypic analysis of wild-type AKR-IL7 no. 4 and hTERT- 
transduced subsubclones All, D8, and F6° 

Expression Levels 



Antigen 


Wild-Type AKR-IL7 no. 4 


Sub-Sub -Clones 


IgG control 






TCR a/3 


+ 


+ 


CD3 




+ + 


CD4 






CDS 




+ + 


CD25 






CD27 






CD28 






CD38 


+ + 




CD45 


+ + 




CD45RA 






CD45RO 






CD54 




+ 


CD69 




+ 


CD80 


4- 


+ 


HLA-class I 




+ 


HLA-DR 







a The original clone and three isolated hTERT-transduced subsubclones, which, at 
the time of analyses, differed >45 PD in life span, were phenotyped. T cells were 
stained with PE- labeled antibodies and analyzed on a FACScan. Gates were set to 
contain live cells only. Indicated arc the levels of expression in four categories as 
follows: MF1 < 10, MFI 10-50, ±; MFI 50-500, +; MF1 > 500, ++. 
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FIGURE 2. Functional analyses of wild-type and bTERT-transduced T 
cells. A, Cells from the wild-type AKR-IL7-no. 4 T cell clone (wt #4) and 
of three sub subclones (All, D8, and F6) were stained with tetramcrs con- 
taining the HLA-A2-restrictedMartl/MelanA 27 _ 3S epitope (thick lines). As 
a negative control, tetramers containing the HLA-A2-restricted influenza 
epitope were used (thin lines). B, These T cells were also used in a cyto- 
toxicity assay on autologous EBV-B cells CD), pep tide-loaded EB V-B cells 
(E§3), and on the autologous melanoma cells (■). Indicated is the percentage 
of specific chromium release of triplicate determinations. The E:T ratio was 
60. The data shown are representative for three independent experiments. 



hTERT-transduced T cells are still dependent on cytokines and 
Ag stimulation for survival and expansion 

An extension of the life span of somatic cells may lead to abnormal 
growth characteristics. We examined the growth characteristics of 
the three isolated subsubclones (All, D8, and F6) in the absence 
and presence of cytokines. We cultured the hTERT-transduced T 
cells in medium without cytokines, or with added IL-2, IL-7, IL- 
15, or mixtures of these cytokines. IL-7 alone was not capable of 
supporting survival of either of the subsubclones, nor of the orig- 
inal clone. The hTERT-transduced cells could be maintained in 
medium containing IL-2 or IL-15 for a period up to 3 mo (longer 
periods were not tested) without significant expansion. Like the 
original, untransduced clone, the subsubclones remained highly 
dependent on periodic activation for their growth. The expansion 
of T cell cultures in a feeder cell mixture containing IL-2 and PHA 
was about 5 for the original clone (2 PD per week) and about 1 0 
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for the subsubclones (3 PD/wk). These findings demonstrate that T 
cells expressing ectopic hTERT maintained normal growth char- 
acteristics for prolonged periods of time. 

Increased hTERT mRNA levels, telomerase activity, and 
stabilization of telomeres in T cells ectopically expressing 
hTERT 

We next examined the hTERT mRNA levels, telomerase activity, 
and telomere lengths in untransduced and hTERT-transduced T 
cells. Ten days after sorting GFP -negative and -positive cells, the 
levels of hTERT mRNA and of telomerase activity were assayed 
in the sorted cells. Semiquantitative RT-PCR for measurement of 
hTERT mRNA levels, relative to a household gene, was performed 
on day 42 after retroviral transduction of the wild-type T cell clone 
no .4, 1 wk after the last stimulation with a feeder cell mixture. At 
that time point, the feeder cells were completely cleared. The 
hTERT mRNA levels were about 5-fold increased in GFP-positive 
cells compared with the GFP-negative counterparts (Fig. 3/Q. Te- 
lomerase activity was high in both cell fractions and could be 
detected in as little as 5 ng of protein lysate, which is equivalent to 
~100 cells (Fig. 3B). Densitometric scanning of TRAP ladder 
bands compared with the internal control yielded a two to three 
times higher OD in the lanes corresponding to the GFP-positive 
cells, indicating a 2- to 3-fold increased telomerase activity. More- 
over, a slight decrease in mean telomere length (median length of 
6—6.5 kb vs 7 kb) and a smear indicating loss of telomere integrity 
was observed in the GFP-negative cells compared with the GFP- 
positive T cell fraction (Fig. 3C). At the time of analysis, 12 PD 
had occurred in the GFP-negative and 18 in the GFP-positive cell 
populations since the transduction. A larger difference in telomere 
length between wild-type and the hTERT-transduced cells may be 
expected near the point of senescence of the wild-type clone no. 4. 
Unfortunately, this could not be verified because it is difficult to 
obtain enough material from the GFP-negative fraction or of wild- 
type T cells close to the point of senescence. Accurate measure- 
ment of hTERT mRNA levels, telomerase activity, and telomere 
lengths is also severely hampered by the presence of contaminat- 
ing feeder cells, in such near- senescent cultures. In cultures with 
well-growing T cell clones, these irradiated feeder cells are rapidly 
cleared. To obtain independent proof for the biological activity of 
the transduced hTERT in the T cell clones, we compared the telo- 
mere lengths of untransduced wild-type T cells of the same clone 
with the isolated subsubclones All, D8, and F6. Fig. 3D shows 
that stabilization of telomere length had occurred in the hTERT- 
IRES -GFP-positive T cell clones, which were subcloned twice 
(All, D8, and F6). After being subcloned twice, these clones were 
maintained in in vitro culture for another 1 1 wk, which involves on 
average —3 PD per week. At the time of telomere length analysis, 
these cells differed 60-70 PD from the cells analyzed 10 days after 
sorting and of the wild- type cells used in this analysis. It is appar- 
ent that the telomeres in these clones (All, D8, F6) had not eroded 
and were maintained at an average length of 7 kb (Fig. 3D). 

Rescue of a tyrosinase-specific T cell clone by ectopic 
expression of telomerase 

To demonstrate that immortalization by ectopic expression of 
hTERT is not restricted to clone no. 4, we transduced another T 
cell clone with hTERT-IRES-GFP. This HLA-A2-restricted, 
CD8 + , T cell clone (AKR-IL7 -clone no. 108) is specific for the 
Tyrosmase3 68 _37 fi epitope, and has been obtained from the same 
stimulation experiment as AKR-IL7 -clone no. 4. Clone no. 108 
was selected from our collection of tumor-specific T cell clones 
because it has been very difficult to grow and expand, with a 
weekly PD of less than one. Two days after the transduction, the 
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FIGURE 3. Determination of mRNA levels, telomcrasc activity, and 
telomere length in wild-type and hTERT- transduced T cell clones. T cell 
cultures were stimulated every week with a feeder cell mixture. One week 
after stimulation, hTERT mRNA levels, telomerase activity, and telomere 
lengths were determined. Experimental details are given m Materials and 
Methods. A, The levels of mRNA of hTERT and the household gene 
snRNP Ul A were compared between GFP-positive and GFP-negative cell 
fractions 10 days after cell sorting, which was 7 wk after transduction. RT~ 
and RT**" indicate cDNA synthesis in the absence or presence of added 
reverse transcriptase respectively. The relative hTERT mRNA levels were 
about 5-fold higher in GFP-positive cells compared with the GFP-negative 
counterparts. B t Telomerase activity was measured down to 5 ng of protein, 
which is equivalent to 100 cells, derived from cell lysates of the same cell 
fractions mentioned above. IC indicates the internal control. Dens itome trie 
scanning of TRAP ladder bands compared with the internal control yielded 
a two to three times higher OD in the lanes corresponding to the GFP- 
positive cells, indicating a 2- to 3 -fold increased telomerase activity. C, 
Telomere lengths were determined on GFP-positive and GFP-negative 
cells 10 days after sorting, which is 7 wk after retroviral transduction of the 
cells. At the time of analysis, 12 PD had occurred in the GFP-negative 
fraction and 18 in the GFP-positive fraction since retroviral transduction, 
D t Telomere lengths were also determined on early passage wild-type 
AKR-DL7 no. 4 T cells {lane 7), and on three subsubclones, All, D8, and F6, 
in lanes 2, 3, and 4 respectively. These clones differed 60-70 PD from the 
GFP-positive and -negative fractions used in C. Lane 5, A 10-PD later passage 
of subsubclone D8. A kb marker is indicated on the left of C and Z>. 

GFP expression, as an indirect measure for telomerase expression, 
was very low (1-2%; Fig. 4). The low transduction efficiency was 
most likely due to the low level of proliferation of this clone. After 
4 wk, we observed a significantly higher percentage of GFP-pos- 
itive cells in this culture. Following kinetics similar to those seen 
with clone no. 4, we observed an increase to 97% 10 wk after 
transduction. The transduced cells went through 2 PD a week. 
Subclones of hTERT-transduced no. 108 have been obtained as 
well. The inset in Fig. 4 shows staining with control and Tyrosi- 
nase 368 _376 tetramers, demonstrating that the hTERT-transduced 
cells have retained their specificity. Cytotoxicity assays confirmed 
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FIGURE 4. A tyrosinase-specific T cell clone is rescued from a total 
loss by ectopic expression of hTERT. An HLA-A2 -restricted, Tyrosi- 
nes e 36B ^ 76 -specific, CD8"*\ T cell clone (#108) was transduced with 
hTERT-IRES-GFP retrovirus. Indicated is the percentage GFP-positive 
cells over time (given in days). The inset shows staining of hTERT-trans- 
duced T cells with specific Tyrosinase 16S ^ 76 tetramers (thick lines) and 
with nonspecific influenza-A tetramers (thin lines). These stainings were 
performed 10 wk after transduction of the cells. 

functionality of these cells as autologous melanoma cells, and pep- 
tide-loaded EBV-B cells were lysed, whereas EBV-B cells without 
exogenous peptide were not (data not shown). 

Discussion 

T cells express hTERT upon activation (23). Despite the presence 
of telomerase, th6 telomere ends of T cells cultured in vitro erode, 
giving rise to replicative senescence (20, 36). This raises the ques- 
tion whether the replicative life span of T cells is regulated solely 
by hTERT. This is a relevant question because some cell types like 
keratinocytes require interference with cell cycle control mecha- 
nisms as well as ectopic hTERT expression for significant exten- 
sion of their replicative life span (10). Here, we investigated the 
life span of two CD8 + T cell clones transduced with hTERT. The 
subsubclones of the hTERT-transduced no. 4 T cells have under- 
gone > 100 PD at the time of writing, which is much more than the 
maximum number of PD of the untransduced cells or of control- 
transduced no. 4 clone (35 PD) and of other T cell clones reported 
previously (17, 37). These data indicate that constitutive expres- 
sion of hTERT dramatically extends the life span of this CDS"*" 
CTL clone to a point that one can speak of immortalization. Ad- 
ditional deliberate interference with the cell cycle was not neces- 
sary to confer life-span extension to these T cells. The immortal- 
ization should be caused by constitutive hTERT expression 
because transduction of T cells with the GFP control virus did not 
lead to an increased expansion, nor to an extension of their life 
span. The constitutive hTERT expression in hTERT-transduced 
no. 4 cells correlated with a 5-fold higher hTERT mRNA expres- 
sion and 3-fold higher enzymatic activity compared with untrans- 
duced T cells as measured 7 days after the last stimulation. Ex- 
pansion of no. 4 T cells requires restimulation of these cells every 
7-10 days. The cells do not become "resting" in this period of 
time. To determine whether hTERT transduction into CD8"*" T 
cells results in sustained mRNA expression and enzymatic activity 
independent of the activation stage of the cells, we used freshly 
isolated CD8 + T cells. These bulk T cells can be maintained alive 
without repeated restimulation for a more prolonged period of time 
than the cloned T cells. T cells transduced with hTERT-IRES-GFP 
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or with GFP-control virus were isolated and restimulated with 
PHA and feeder cells. The hTERT-transduced CD8 + T cells 
showed high levels of hTERT mRNA expression and enzymatic 
activity on days 7, 10, 14, and 22 after stimulation. The levels of 
expression and activity were comparable at all time points. In con- 
trast, both mRNA expression and enzymatic activity had dropped 
to baseline levels already 7 days after activation of GFP-control 
transduced CD8"*" T cells and of untransduced control T cells (re- 
sults not shown). Because after 2—3 wk these three bulk CD8" 4 " T 
cell fractions have become in a resting state, we conclude that 
hTERT transduction leads to sustained mRNA expression and te- 
lomcrasc activity independent of the activation stage of the T cells. 
The notion that hTERT transduction results in a sustained func- 
tional expression is strongly supported by the observation that the 
subclones All, D8, and F6 had the same telomere length of 7 kb 
as the wild-type clone at the time of transduction, despite the fact 
that the sub subclones underwent 60—70 PD after the transduction. 
Based on the average loss of telomere length of 50-1 00 bp per PD 
in T cells (2, 3, 20), one would expect to observe a minimum 
telomere end erosion of 3-3.5 kb in cell samples differing 60—70 
PD. The maintenance of the telomere lengths in the hTERT* sub- 
sub clones proves the biological activity of the transduced hTERT 
and indicates a correlation between the observed increase in life 
span of the T cells and constitutive activity of the transduced 
hTERT. However, whether hTERT expression is the sole cause of 
immortalization is not yet sure. One may argue that immortaliza- 
tion of the T cells is the result of hTERT expression combined with 
another event induced by the retroviral transduction itself either in 
all hTERT-transduced cells or in a very small proportion of the 
transduced cells. We cannot exclude these possibilities, although 
we consider it unlikely that a rare event that occurred in a minority 
of the cells which together with telomerase is responsible for the 
observed immortalization. We observed that, on the average, the 
transduced T cells underwent 3 PD and the untransduced cells 2 
PD per week. Assuming that all transduced cells had a growth 
advantage compared with untransduced cells, one can calculate the 
percentage of hTERT-GFP -1 " cells expected after 6 wk of culture to 
increase from 5% to 76%. We observed an increase from 5% to 
60% in one and from 3% to 60% in the second experiment (Fig. 1). 
These observations indicate that the majority of the hTERT- trans- 
duced cells have a growth advantage compared with wild-type 
cells. Recently, we have transduced a panel of CD4 + T cell clones 
and observed also with these clones an expansion advantage of all 
hTERT-transduced cells in comparison with untransduced ceils 
(H. Yssel and H. Spits, unpublished observations). Another ques- 
tion is whether all hTERT-transduced cells enter a state of immor- 
talization. The low cloning efficiency (15%) of hTERT-GFP no. 
4 cells indicates that not all transduced cells are immortalized and 
may suggest that the site of integration of the hTERT DNA is a 
determining factor for immortalization. However, the cloning ef- 
ficiencies of the no. 4 subclones, which should have hTERT inte- 
grated at a single site in the genome, were even lower (1.5% and 
3% in two experiments with different subclones). A likely expla- 
nation for the low cloning efficiency of these subclones is that a 
proportion of the transduced cells lose their hTERT over time ei- 
ther by inactivation of the inserted DNA or by pos transcriptional 
inactivation. 

Recently, it was reported by Liu et al. (23) that low levels of 
hTERT mRNA are constitutively present in CD4 + T lymphocytes, 
regardless of the telomerase activity in the cells that was activa- 
tion-induced and transient, suggesting that telomerase is mainly 
regulated at a pos (transcriptional level. However, it is possible that 
only a minority of the CD4 + T cells in the study of Liu et al. 
expressed constitutive telomerase mRNA levels. Moreover, while 
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our data do not exclude posttranscriptional regulation of hTERT 
activity, they strongly suggest that the level of hTERT transcripts 
is the main regulator of the life span of T cells. Presently, we 
analyze the effect of constitutive hTERT expression on a large 
panel of CD8 + and CD4 + T cell clones to obtain insight into the 
regulation of telomerase in T cells in general. 

It is of note that the stabilization of the telomere length as ob- 
served in the subsubclones of clone no. 4 indicates that constitutive 
hTERT expression does not result in telomere lengthening as has 
been observed in hTERT-transfected fibroblasts (7, 8) and in ger- 
minal center B cells (18, 38). The reasons for this have yet to be 
determined. The finding that ectopic expression of telomerase ex- 
tends the replicative life span of certain cell types without net 
telomere lengthening is not unprecedented. In human fibroblasts 
transfected with hTERT, the telomeres continue to shorten to av- 
erage lengths below those of untransfected cells that enter repli- 
cative senescence and crisis (39, 40). This suggests that hTERT 
has a role in life-span extension beyond the prevention of telomere 
length erosion. 

Importantly, ectopic expression of hTERT did not affect the 
phenotype, Ag specificity, or functionality of the T cells. Of equal 
importance is the observation that the hTERT-transduced T cells 
are still dependent on cytokines and Ag stimulation for prolifera- 
tion, suggesting that these T cells were not transformed. These 
findings are well in agreement with recent publications on the lack 
of induction of a transformed phenotype in hTERT-transfected 
normal human fibroblasts and retinal pigment epithelial cells (41, 
42). The advantages of immortalized T cell clones are obvious. 
The availability of immortalized functional T cells with defined 
specificities will facilitate functional, genetic, and biochemical ex- 
periments. The limited in vitro life span of human Ag-specific T 
cell clones has severely hampered application of these cells in 
cellular therapies involving adoptive transfer of Ag-specific T 
cells. Our finding that tumor-specific CTL clones can be immor- 
talized by ectopic expression of hTERT and thus can be expanded 
to very large numbers may lead to potential application of these 
cells in the treatment of cancer patients. 
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